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Preface

The interest in biofuel production and application is governed by two main factors: 
the possible depletion of fossil fuel resources on a global scale and the more threat-
ening pollution of the atmosphere because of the extensive emissions of greenhouse 
gases, such as carbon dioxide and methane that the present global vegetation cannot 
cope with. This trend became more threatening with the increased use of fossil 
fuels such as oil, coal, and natural gas because the atmosphere was shock-loaded by 
carbon emissions collected underground for millions of years. A remedy against the 
last problem is the use of biomass presently grown as a source for biofuel. Hence 
the carbon dioxide emissions in air can be processed by the present vegetation, thus 
closing the current carbon cycle. Such biofuels are biogas, bioethanol, biodiesel, etc. 

On the other hand, fossils have been extensively used in the 20th century 
by mankind as feedstock for various chemical manufacturing, starting with 
nitrogen-containing fertilizers and ending with production of organic products 
such as plastics, synthetic rubber, dyestuffs, pharmaceuticals, etc. In this direc-
tion biofuels can be further utilized as substrates for organic syntheses for bulk 
chemical products, such as alcohols, biodegradable polymers, organic acids, etc.

These two options reveal different prospects for development of new biomass-
based industries, although currently on a modest scale. This approach is known as 
the biorefinery concept as an analogue to the oil-based refineries producing fuels 
and chemical commodities.

Although attractive, the biorefinery approach must be evaluated by its secondary 
effects on economy, on the competitive use of vegetation and animal feedstocks for 
other purposes, on the unexpected impacts to the environment and biodiversity, etc. 
For example, biodiesel production leads to an inevitable release of large amounts of 
waste glycerol with limited demand, thus opening a new challenge for its treatment 
and removal. It has even been mentioned that it will be a “glycerol-based economy”! 

On the other hand, the inevitable release of carbon dioxide when biofuels are used 
could be remediated after its conversion into chemicals (e.g. synthetics gas, methanol, 
formic acid) and to fuel, such as methane by chemical, electrochemical, or biotech-
nological processes. There are many efforts to recycle carbon dioxide in flue gases by 
lipid-containing algae. These lipids are further converted into biodiesel and so forth.

The present book offers some examples and new ideas for the broader applications 
of biofuels and the resulting raw materials for energy and chemical production as 
alternatives to the traditional fossil fuels. 

Venko Beschkov
Institute of Chemical Engineering,

Bulgarian Academy of Sciences,
Sofia, Bulgaria
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Chapter 1

Biorefinery Safety: A Case Study 
Focused on Bioethanol Production
Roberto Lauri and Biancamaria Pietrangeli

Abstract

With reference to the framework for energy and climate, the European Union 
(EU) has stated that at least a 32% share of renewable energy consumption has to 
be achieved within 2030. This context generates attention to the potential hazards, 
which are associated with flammable biofuels, such as the bioethanol. One of the 
main hazards, referred to such biofuel, is the formation of potentially explosive 
atmospheres due to its evaporation from pools in case of accidental releases. In 
fact, in a bioethanol production plant (biorefinery), there are several components 
(flanges, valves, pumps, etc.), which can become potential emission sources in 
case of failure. Bioethanol is a high-boiling liquid, because its boiling temperature 
(Tboiling = 78°C) is higher than ambient temperature. Therefore, in case of release 
and spreading on a certain medium, evaporation occurs because of vapor diffu-
sion. The chapter is focused on a case study. In particular, the chapter illustrates 
a comparison between two predictive models aimed at estimating the bioethanol 
evaporation rate, which is a fundamental parameter for determining the dilution 
degree and classifying the workplaces, where potentially explosive atmospheres 
could occur. The study investigates the influence of bioethanol release temperature 
and therefore of its vapor pressure on evaporation rate.

Keywords: bioethanol, evaporation rate, safety, potentially explosive atmospheres, 
high-boiling liquids

1. Introduction

One of the most demanded challenges for human being in the near future is 
the development of new energy strategies, which are alternative to fossil energy 
and characterized by low environmental impacts. In the European Union (EU), 
the original renewable energy directive 2009/28/EC (RED I) establishes an overall 
policy for the production and promotion of energy from renewable sources. It 
requires to fulfill at least 20% of total energy needs with renewables by 2020 [1]. 
All EU countries must also ensure that at least 10% of their transport fuels come 
from renewable sources by 2020. In December 2018, the revised renewable energy 
directive 2018/2001/EU (RED II) came into force as part of the clean energy for 
all European package. Such directive is aimed at keeping the EU as a global leader 
in renewables and, more broadly, helping the EU to meet its emission reduction 
commitments [2] under the Paris Agreement. A common biofuel is the bioetha-
nol, which is a leading candidate to substitute the gasoline as a transport fuel. In 
the chapter, “bioethanol” is used to indicate ethanol produced by fermentative 
processes, which convert the sugars into energy. The fermentation mainly uses 
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biomass. Bioethanol is a renewable fuel, which can be made from grains, such 
as corn or wheat, or from cellulose sources, such as prairie grass or agricultural, 
forestry, or municipal wastes. It can be used in vehicles or small engines, which are 
fed by conventional fuels, and it is utilized as a fuel extender and octane improver 
with blends that usually are 10% ethanol and 90% unleaded gasoline. Indeed, sev-
eral researches showed that ethanol/gasoline blends had the potentiality to reduce 
petroleum fuel use and greenhouse gas emissions. In the last years, the bioethanol 
use has undergone a fast growth, because it can make easier the replacement 
of fossil fuels with renewable fuels. In particular, in Europe, the framework for 
climate and energy, established by the European Council in 2014, caused this 
growth. Indeed, a specific target for 2030, included in this framework, has stated 
that at least a 32% share of renewable energy consumption has to be achieved. This 
context generates attention to the potential hazards, which are associated with 
flammable biofuels, such as the bioethanol, and has given birth to this chapter, 
which is focused on the study of bioethanol evaporation rate from liquid pools. In 
fact, one of the main hazards, referred to such biofuel, is the formation of poten-
tially explosive atmospheres due to its evaporation from pools in case of accidental 
releases. Indeed, in a bioethanol production plant (biorefinery), there are several 
components (flanges, valves, pumps, etc.), which can become potential emission 
sources in case of failure. Bioethanol can be considered as a high-boiling liquid, 
because its boiling temperature (Tboiling = 78°C) is higher than ambient tempera-
ture. Therefore, in case of release and spreading on a certain medium, evaporation 
occurs because of vapor diffusion. This is the result of the difference in terms 
of vapor pressure between the liquid surface and surrounding area. The chapter 
carries out a comparison between two predictive models (the model referred to 
low mass transport and the generally applicable formula) aimed at estimating the 
bioethanol evaporation rate, which is a fundamental parameter for determining 
the dilution degree and classifying the workplaces, where potentially explosive 
atmospheres could occur. It is important to highlight that Atex Directive 99/92/EC 
obliges the employers to carry out such classification [3]. The dilution degree is a 
parameter, which measures the ventilation (natural or artificial) ability to dilute a 
release to a safe level (flammable substance concentration is lower than its lower 
flammability limit) and is reported in International Standard IEC EN 60079-10-1. 
In particular, the study investigates the influence of bioethanol release temperature 
and therefore of its vapor pressure on evaporation rate. Finally, the difference 
between the bioethanol evaporation rates is calculated to determine the reliability 
range of the model, referred to low mass transport. Therefore, the work is aimed 
at giving some guidelines about the vapor pressure (such parameter is strictly 
dependent on temperature) range, where the simplified model is able to provide 
reliable predictions.

2. Occupational health and safety (OHS) in the biofuel industry

In accordance with the Renewable Fuels Association [4], at 2018 year end, the 
ethanol industry approximately comprised 210 plants in 27 states with nameplate 
capacity equal to 16.5 billion gallons. According to the Biotechnology Innovation 
Organization (BIO), the direct job creation from advanced biofuel production 
could reach 190,000 units by 2022 [5]. This context generates attention to occu-
pational safety, which has to take into account all actions aimed at protecting the 
safety, health, and welfare of people engaged in such industrial sector. This can 
include safety assessments, accident investigations, training programs, and other 
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activities, which can reduce or eliminate workplace injuries and illnesses. In the 
face of growing development of the biofuel industry and the consequent increase in 
employed workforce, there are still limited data, which are referred to the occupa-
tional health and safety of these production processes. Petrochemical processing 
industry is very advanced in terms of risk assessment and management, while the 
biofuel production industry has not yet gained enough experience in these topics 
[6]. Indeed, occupational health and risks during all phases of the processes are not 
always considered. The former available data suggest that renewable energy will 
also offer benefits to workers in terms of reduced occupational injury, illness, and 
death [7], but considering that the biofuels industry is a developing and growing 
sector and many of the involved companies are small entrepreneurial activities, 
studies of worker safety and health should be implemented. In Europe, there are a 
high number of small-scale industrial units, such as the biogas production plants, 
which are generally characterized by lower quantities than the thresholds for the 
application of legislation (the Seveso Directive) aimed at the control of major 
accidents [8]. Such industrial activities have neither the ability for thinking about 
the risks and the hazards nor the resources or the expertise for managing those. This 
aspect is generally underestimated for occupational health and safety management. 
In Italy, INAIL experience showed that providing the biogas industry with a practi-
cal tool, such as the checklist approach, could be useful to carry out the analysis of 
the main hazards (biohazard, fires, and potentially explosive atmospheres) and a 
valuable support for the plant operators in order to evaluate periodically the actual 
effectiveness of the overall safety measures [9]. Furthermore, a tailored database, 
which collects information about accidents of the biofuel industry, should be 
implemented. The Institut National de l’Environnement Industriel et des Risques 
(INERIS) database was aimed at collecting all accidents (explosions, fires, spills, 
derailments, road accidents, etc.), which occurred during the life cycle of biofuel 
production plants [10]. The accidents study is a very useful tool, which can surely 
improve the plant safety level.

3.  Bioethanol: classification according to CLP Regulation (CLP) 
No. 1272/2008 EC

Bioethanol is characterized by the same chemical properties (Table 1) of etha-
nol, which is produced by the processes of the traditional chemistry [11].

With reference to its boiling temperature, bioethanol is classified as a high- 
boiling liquid. In accordance with Regulation No. 1272/2008 EC, such biofuel 
belongs to Category 2 (Table 2), and therefore it is classified as highly flammable 
liquid and vapor [12] (Figure 1).

Parameter Value

Lower flammability limit (% v/v) 3.5

Upper flammability limit (% v/v) 15

Boiling temperature (°C) 78

Vapor pressure at 20°C (Pa) 6000

Flash point (°C) 13

Table 1. 
Chemical bioethanol properties.
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4. Investigation of evaporation of high-boiling liquids

In order to calculate the evaporation rate of high-boiling liquids, no exact 
calculation procedure can be found in literature. In most cases, equations, based on 
experimental results coming from tests, are used. The main relations are referred to:

1. Low mass transport (simplified equation)

2. High and low mass transport (general equation)

In the chapter, the bioethanol evaporation rate is calculated by the two men-
tioned models in order to quantify the result difference and determine the validity 
range of simplified model as function of variation of biofuel vapor pressure (pv). 
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plant safety. Indeed, one of the main hazards, referred to bioethanol, is the forma-
tion of potentially explosive atmospheres due to its evaporation from pools in case 
of accidental releases. In fact, in a bioethanol production plant, there are several 
components (flanges, valves, pumps, etc.), which can become potential emission 
sources in case of failure.

5.  Hazards associated with bioethanol production: possible formation of 
potentially explosive atmospheres

One of the main hazards, associated with bioethanol production, is the forma-
tion of potentially explosive atmospheres due to its evaporation from pools in 
case of accidental releases. Such biofuel can be considered a high-boiling liquid, 
because its boiling temperature (Tboiling = 78°C) is higher than ambient tempera-
ture. Therefore, in case of release and spreading on a certain medium, evaporation 
mainly occurs by vapor diffusion. This is the result of the difference in terms of 
vapor pressure between the liquid surface and surrounding area. In order to clas-
sify the hazardous zones due to the possible formation of explosive mixtures, 
International Standard IEC EN 60079-10-1 can be used. It indicates three param-
eters, which have to be determined to classify the areas [14]:

1. Release grade

2. Ventilation availability

3. Dilution degree

In particular, in case of flammable liquid releases, the last parameter depends 
on evaporation rate and can be determined by the diagram [14] reported in 
International Standard IEC EN 60079-10-1 (Figure 3), where:

• uw is the ventilation velocity (m/s).

• Wg is the mass flow of flammable compound (kg/s).

• ρg indicates the gas or vapor density (kg/m3).

• K represents a safety factor (dimensionless parameter).

• LFL is the lower flammability limit of flammable substance.

In case of flammable liquid releases, the calculation of Wg becomes particularly 
complex, because several phenomena (solar heat flux, heat transfer from subsoil, 
convective heat flux from air, and mass transfer due to diffusion) have to be exam-
ined. For liquids (such as the bioethanol), which have boiling temperature above 
ambient temperature, mass transfer by diffusion is the predominant factor. Indeed, 
the wind removes vapor from the pool surface and because of resultant concentra-
tion gradient, mass transfer is induced. Liquid evaporates for restoring the partial 
pressure, which is in thermodynamic equilibrium with the liquid in the pool at its 
temperature. Therefore, the high-boiling liquid evaporation strongly depends on the 
rate, at which vapor can be removed by the airflow above the pool. With reference 
to this topic, the chapter carries out a comparison between two predictive models 
aimed at estimating the bioethanol evaporation rate from pool. The evaporation rate 
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because its boiling temperature (Tboiling = 78°C) is higher than ambient tempera-
ture. Therefore, in case of release and spreading on a certain medium, evaporation 
mainly occurs by vapor diffusion. This is the result of the difference in terms of 
vapor pressure between the liquid surface and surrounding area. In order to clas-
sify the hazardous zones due to the possible formation of explosive mixtures, 
International Standard IEC EN 60079-10-1 can be used. It indicates three param-
eters, which have to be determined to classify the areas [14]:

1. Release grade

2. Ventilation availability

3. Dilution degree

In particular, in case of flammable liquid releases, the last parameter depends 
on evaporation rate and can be determined by the diagram [14] reported in 
International Standard IEC EN 60079-10-1 (Figure 3), where:

• uw is the ventilation velocity (m/s).

• Wg is the mass flow of flammable compound (kg/s).

• ρg indicates the gas or vapor density (kg/m3).

• K represents a safety factor (dimensionless parameter).
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In case of flammable liquid releases, the calculation of Wg becomes particularly 
complex, because several phenomena (solar heat flux, heat transfer from subsoil, 
convective heat flux from air, and mass transfer due to diffusion) have to be exam-
ined. For liquids (such as the bioethanol), which have boiling temperature above 
ambient temperature, mass transfer by diffusion is the predominant factor. Indeed, 
the wind removes vapor from the pool surface and because of resultant concentra-
tion gradient, mass transfer is induced. Liquid evaporates for restoring the partial 
pressure, which is in thermodynamic equilibrium with the liquid in the pool at its 
temperature. Therefore, the high-boiling liquid evaporation strongly depends on the 
rate, at which vapor can be removed by the airflow above the pool. With reference 
to this topic, the chapter carries out a comparison between two predictive models 
aimed at estimating the bioethanol evaporation rate from pool. The evaporation rate 
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calculation is an extremely important phase for determining successively the dilution 
degree. Indeed, an accurate estimate of such parameter is fundamental for classifying 
the zone (hazardous or non-hazardous) generated by the potential release source.

5.1 Bioethanol evaporation: predictive models

Bioethanol is a high-boiling liquid, and the evaporation of high-boiling liquid 
pools mainly depends on the rate, at which the vapor can be removed by the wind, 
which blows above the pool. Thus, for high-boiling liquids, the mass transfer by dif-
fusion is the predominant factor, especially after the initial stages of the spill [15]. 
The mass transfer is induced by the resultant concentration gradient [16]. The driv-
ing force is the difference between the liquid vapor pressure and the partial pressure 
of liquid in the atmosphere. In literature, a simplified model, referred to low mass 
transport, uses the following expression for calculating the evaporation rate [17]:

  m =   k ⋅  MW  b   ⋅  ( p  v   −  p  amb  )   ________________ RT    (1)

where:

• m is the bioethanol evaporation rate (kg/s m2).

• k indicates the mass transfer coefficient (m/s).

• MWb is the molecular weight of bioethanol (46.07 kg/kmol).

• pv represents the bioethanol vapor pressure at its temperature (Pa).

• pamb is the partial pressure of biofuel in the atmosphere (Pa).

• R indicates the gas constant (8314 J/kmol K).

Figure 3. 
Dilution degree assessment.
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• T represents the biofuel release temperature (K).

The properties of air, flowing over the liquid pool, are included in the material 
transfer coefficient (k). Equation (1) is often used for the calculation of high-
boiling liquid evaporation rate. However, it has been found that this model is not 
applicable in case of high mass transport. This is due to the fact that the material 
transfer coefficient is not independent of the mass flow. Therefore, the chapter goal 
is aimed at investigating the applicability range of simplified model. Based on the 
film theory, a correction (k1) of mass transfer coefficient is given [17] in the follow-
ing expression, which can be applied to all cases:

   k  1   (m / s)   =   k ⋅  ( p  atm   −  p  v  )  __________  p  v   −  p  amb     ⋅ ln  (1 +    p  v   −  p  amb   _______  p  atm   −  p  v    )   (2)

where:

• patm is the atmospheric pressure (101,325 Pa).

The abovementioned film theory is based on the following principles: it is con-
sidered that wind velocity, temperature, and partial vapor pressure of the evaporat-
ing liquid are only dependent on the direction, which is perpendicular to the liquid 
surface, while in the other directions, the values of all the abovementioned param-
eters are assumed constant. The introduction of the corrected material transfer 
coefficient (k1) gives the following expression (generally applicable equation), 
which is applicable to high and low mass transport [17]:

  m =   k ⋅  MW  b   ⋅  p  atm   ___________ RT   ⋅ ln  (1 +    p  v   −  p  amb   _______  p  atm   −  p  v    )   (3)

In literature, different relations for the coefficient k have been derived. In this 
study, the model given by MacKay and Matsugu has been used. Such model has 
been validated by experimental tests and takes into account both the pool geometry 
(radius) and wind velocity [18]:

  k (m / s)  = 0.005 ⋅   v  10     0.78  ⋅   (2  r  p  )    −0.11  ⋅  Sc   −0.67   (4)

where:

• rp is the radius of the bioethanol pool (m).

• v10 represents the wind speed at 10 meters of height (m/s).

• Sc is the Schmidt number (dimensionless parameter).

In the analysis, it has been assumed that the Schmidt number is equal to 0.8 as 
reported in the Yellow Book in case of gases and vapors [18].

6. Results and discussion

In order to estimate the wind velocity, a bioethanol production plant, sited in the 
Northern Italy (Piedmont), has been considered. In particular, the Italy wind Atlas 
reports an annual average wind velocity, which is lower than 3 m/s for the place 
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• T represents the biofuel release temperature (K).
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where:

• patm is the atmospheric pressure (101,325 Pa).

The abovementioned film theory is based on the following principles: it is con-
sidered that wind velocity, temperature, and partial vapor pressure of the evaporat-
ing liquid are only dependent on the direction, which is perpendicular to the liquid 
surface, while in the other directions, the values of all the abovementioned param-
eters are assumed constant. The introduction of the corrected material transfer 
coefficient (k1) gives the following expression (generally applicable equation), 
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  m =   k ⋅  MW  b   ⋅  p  atm   ___________ RT   ⋅ ln  (1 +    p  v   −  p  amb   _______  p  atm   −  p  v    )   (3)

In literature, different relations for the coefficient k have been derived. In this 
study, the model given by MacKay and Matsugu has been used. Such model has 
been validated by experimental tests and takes into account both the pool geometry 
(radius) and wind velocity [18]:

  k (m / s)  = 0.005 ⋅   v  10     0.78  ⋅   (2  r  p  )    −0.11  ⋅  Sc   −0.67   (4)

where:

• rp is the radius of the bioethanol pool (m).

• v10 represents the wind speed at 10 meters of height (m/s).

• Sc is the Schmidt number (dimensionless parameter).
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Northern Italy (Piedmont), has been considered. In particular, the Italy wind Atlas 
reports an annual average wind velocity, which is lower than 3 m/s for the place 
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[19], where the plant has been built. Therefore, the wind velocity has been assumed 
equal to 3 m/s. In order to calculate m, the pool radius has been assumed equal to 
1 m. The following temperatures of bioethanol release have been examined to calcu-
late the evaporation rate: 20, 30, 40, 50, and 60°C. Such temperatures are usually 
found in bioethanol production plants. In Table 3 the vapor pressures, referred 
to such temperatures, are reported. As the examined temperatures are lower than 
biofuel boiling temperature, the liquid pool is high-boiling, and therefore the 
partial pressure of the biofuel in the atmosphere (pamb) is negligible. The study 
results are shown in Table 4, where m1 indicates the evaporation rate calculated by 
the equation, referred to low mass transport, whereas m3 indicates the evaporation 
rate, determined by the generally applicable model.

The variation (Δ) between the generally applicable equation and the simplified 
expression is calculated by the following formula:

  Δ (%)  = 100 ⋅  (   m  3   −  m  1   ______  m  1    )   (5)

The values of such difference are reported in Table 5, whereas its trend as func-
tion of vapor pressure is shown in Figure 4.

The increase of bioethanol release temperature and therefore of vapor pressure 
causes a difference growth, which is moderate and acceptable (the difference does 
not exceed 10%) till the pressure is lower than 18,000 Pa, whereas Δ is equal to 
32.2% at 45,000 Pa. Therefore, Eq. (1) (simplified model) can be used in the case 
of bioethanol vapor pressure, which is lower than 18,000 Pa, because it shows an 
adequate reliability. Such pressure represents a threshold, which determines the 
range of reliability of the model, referred to low mass transport. Over 18,000 Pa 
the expression (3) (generally applicable model) has to be used to achieve a more 
accurate estimate of the evaporation rate, which is a fundamental parameter in 
order to determine the dilution degree and classify the workplaces, where there is 
the possibility of formation of potentially explosive atmospheres due to bioetha-
nol releases. It follows that the evaporation rate estimate has a strong influence 
on the safety of an industrial plant, which uses or produces bioethanol, because 
it allows to assess if the biofuel release source is able to generate an hazardous or 
a non-hazardous zone. Indeed, a less accurate calculation of bioethanol evapora-
tion rate could generate a mistake during the area classification procedure, and 
therefore the hazard of explosive atmosphere formation could be underestimated. 
Such scenario could decrease the plant safety level, because the choice of equip-
ment and protective systems, which must be used in hazardous zones, depends on 
area classification as reported in Atex Directive 99/92/EC. This choice is aimed at 
avoiding that equipment and protective systems become active ignition sources. 
Therefore, there is a strong connection between the evaporation rate calculation 

Temperature (°C) Vapor pressure (Pa)

20 6000

30 10,000

40 18,000

50 29,000

60 45,000

Table 3. 
Bioethanol vapor pressures.
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and safety of plants, which use or produce bioethanol. Finally, it has to be men-
tioned that the two models are based on the assumption that the partial vapor 
pressure can be considered constant [20]. This is correct as long as the tempera-
ture of the evaporating pool does not change.

Such condition occurs, as long as there is equilibrium among the convective 
heat flow produced by the air flowing over the pool, the solar heat flow, the heat 
flow from the subsoil, and the heat flow required for the evaporation. In reality, the 
evaporating pool temperature gradually decreases. It follows that the evaporation 
rate, calculated by Eqs. (1) and (3), represents a maximum quantity, referred to 
isothermal conditions, and therefore it can be considered valid only at the evapora-
tion beginning.

Temperature (°C) m1 (kg/m2 s) m3 (kg/m2 s)

20 0.00144 0.00148

30 0.0023 0.0024

40 0.004 0.0044

50 0.0063 0.0074

60 0.0095 0.0125

Table 4. 
Predictive models: Bioethanol evaporation rates.

Temperature (°C) Δ (%)

20 3.1

30 5.3

40 10.1

50 17.8

60 32.2

Table 5. 
Calculated variation (Δ).

Figure 4. 
Difference between the generally applicable equation and the expression for low mass transport.
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7. Conclusions

One of the main hazards, referred to bioethanol, is the formation of potentially 
explosive atmospheres due to its evaporation from pools in case of accidental 
releases. In order to classify the workplaces, characterized by possible formation of 
potentially explosive mixtures, as the bioethanol is a high-boiling flammable liquid, 
a particular attention has to be addressed to the thermodynamic release parameters, 
such as the temperature, because it influences the vapor pressure. In particular, the 
study has shown that:

• Analysis of thermodynamic parameters is very important, because it allows to 
choose the best predictive model for calculating the evaporation rate, which is 
successively used to determine the dilution degree.

• In case of bioethanol releases, the simplified model, referred to low mass 
transport, cannot be always used, because its reliability is strongly dependent 
on the vapor pressure.

• The simplified model is only applicable when the partial vapor pressure is 
lower than 18,000 Pa.

• For all other cases, Eq. (3), based on the film theory, has to be used to achieve a 
more accurate estimate of the evaporation rate.

The calculated evaporation rates are referred to isothermal conditions and rep-
resent maximum values, because the majority of the evaporating liquids cool down 
after the evaporation beginning; therefore, the evaporation rate decreases. In order 
to improve the calculation accuracy, computational fluid dynamics that is able to 
solve simultaneously the equations, which govern the liquids spreading and evapo-
ration, has to be used. However, the illustrated predictive models are abundantly 
used in technical international standards, concerned with the classification of areas 
where flammable gases or vapors can generate potentially explosive atmospheres.
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Chapter 2

Biogas as a Source of Energy and 
Chemicals
Sonia Damyanova and Venko Beschkov

Abstract

The global economic development in the twentieth century has led to extensive 
use of fossils, such as oil, natural gas, and coal as fuels and chemical feedstocks. 
This extensive use of fossil fuels has led to enormous emissions of carbon dioxide 
as final product of combustion. The high absorption rate of infra-red rays by 
carbon dioxide has led to the so-called “greenhouse” effect. Nowadays, the renew-
able energy sources based on biomass have become very important with a trend to 
replace oil consumption at least partially and hence to remediate the emissions of 
greenhouse gases in atmosphere. Biofuels could be used as alternative raw material 
for chemical production. One of these biofuels is biogas released at anaerobic diges-
tion of different natural organic waste. Another feature of biogas applications is its 
utilization as feedstock for the production of synthetic fuels and chemicals being 
now produced from oil and coal. A new approach is to use biogas as a fuel in fuel 
cells as a very promising option for energy production from renewable sources. The 
present review summarizes the applications of biogas for chemicals, starting with 
dry reforming and Fischer-Tropsch syntheses and as a source of energy, as heat and 
electricity production by co-generation and fuel cells.

Keywords: biogas, renewable energy, fuels, fuel cells, chemicals

1. Introduction

The mankind has relied on different sources of energy during its economic 
development throughout the centuries. Whereas coal has been the main energy 
source in the nineteenth century, oil was in twentieth one. The possible scenarios 
for remediation of greenhouse effect due to carbon dioxide released by energy 
production and industry are rendered to minimization of emissions and its recy-
cling. The latter is accomplished by the production of energy sources and chemicals 
of practical importance from carbon dioxide.

The emission minimization consists in two approaches: replacement of the 
fossil fuels by renewable ones (solar, wind energies, biomass, etc.) or improve-
ment of energy efficiency in all human activities in different ways. The distribu-
tion of energy sources for the European Union for the year 2016 is shown in 
Figure 1. One can see that the share of renewables is bigger than the powerful 
nuclear energy with a leading role in energy production. The biggest part (more 
than 60%) of the renewable energy sources is assigned to the biomass and waste 
utilization.

One of the ways to cope with the problem of carbon dioxide emissions is to close 
the carbon cycle using renewable fuels from presently grown biomass, by recycling 
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the released carbon dioxide by the present vegetation by photosynthesis. This is the 
philosophy of biomass utilization as energy source. The most spread biofuels in the 
present period are biogas, produced by anaerobic digestion of organic waste, bioetha-
nol, produced from cereals and/or lignocellulosic residues and biodiesel, produced by 
trans-esterification of lipids with methanol or ethanol.

In this review, we shall concentrate ourselves to the application of biogas as 
renewable energy source and also as a feedstock for the production of chemicals and 
other fuels.

2. Biogas production

Biogas is produced by anaerobic digestion of organic matter of natural origin 
[2–4]. The main advantage of this process consists in the combined environmental 
and energy effect.

Biogas consists mainly of methane, carbon dioxide, and traces of hydrogen 
sulfide and mercaptanes, as well as residual amounts of oxygen and nitrogen. Small 
amounts of ethane and hydrogen are possible too. Biogas is obtained by anaero-
bic digestion of organic waste of biologic origin. The most exploited ones are of 
agricultural origin (manure, poultry litter, hay, and straw) [5], from food industry, 
stillage from ethanol production [6], landfill gas, activated sludge from wastewater 
treatment plants, etc. One of the simplest and the mostly spread flow sheets for 
biogas production and utilization is shown in Figure 2 [7].

The main fuel in the scheme, shown in Figure 2, is biogas, utilized for energy 
(thermal one and electricity) or fuel for transport. The carbon dioxide released 
after combustion is absorbed by the vegetation by photosynthesis, thus closing the 
carbon cycle. The residual sludge from the digester is rich of organic nitrogen, and 
therefore, it is suitable for fertilizing the soil.

Figure 1. 
Production of primary energy, EU-28, 2016 (% of total, based on tons of oil equivalent). Source: Eurostat 
(nrg_100a) and (nrg_107a) [1].
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In the past, biogas has been widely spread as an energy source in the households 
in the countries of Africa and Asia. Although quite primitive as design, the anaero-
bic digesters have solved the problems with autonomous energy supply for many 
households in India, Pakistan, Indo-China, etc.

Later, biogas became very important and essential share as energy source for the 
countries in Western Europe and Northern America. Besides heating, biogas is now 
more frequently used for the production of electricity and transport fuel in many 
municipalities. It is already added to the pipelines for natural gas distribution of 
household purposes.

A new trend in biogas production and utilization is the so-called biorefinery con-
cept. This concept not only presumes the use of renewable biomass as energy source 
but also combines it with the production of chemicals, such as plastics, solvents, and 
synthetic fuels [8]. An example for this is the Danish Bioethanol Concept presented 
by Zafar [9]. It comprises the ethanol production from lignocellulosic biomass with 
biogas production of the stillage and cellulose waste. The residual cellulose waste is 
additionally recycled after wet-oxidation for additional conversion into biogas. A 
detailed review on biogas applications is published recently by Sawyerr et al. [10].

2.1 Some constructions of anaerobic digesters

The variety of anaerobic digesters for biogas production is very broad: from the 
very primitive pits to most sophisticated bioreactors, such as the floating drum 
reactor, the upflow anaerobic sludge blanket (UASB) reactor [11–13], and multi-
stage bioreactor with separated compartments [14, 15]. The choice for anaerobic 
digester depends on the origin of substrate, and the intermediates are converted 
during the consecutive steps of hydrolysis, acidification, acetogenesis, and final 
methanation. In case an accumulation of fatty acids takes place, the reactor with 
separated compartments is preferable. The most exploited digester for biogas pro-
duction from domestic waste, activated sludge, and manure is the UASB reactor.

2.2 Substrates for biogas

The mostly used substrates for biogas production are the manure from cattle, 
pigs, and poultry litter. This application competes with the traditional use of 
manure for soil fertilization. When the amounts of manure prevail the demand for 
fertilization, biogas production is welcome because double problem is solved: on the 

Figure 2. 
Illustration of biogas cycle, formation, and applications. Scheme taken from [7].
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one hand, the waste is destroyed and removed, and on the other hand, renewable 
energy is produced saving money and contributing for carbon cycle closing. That 
is why attention is paid to the utilization of cattle dung, lignocellulose waste, waste 
from food and beverage processing, activated sludge from wastewater treatment 
plants, and household solid waste with landfill gas use. The waste treatment is 
associated with energy production and reduction of the energy demand of the main 
enterprise.

2.2.1 Biogas from glycerol

Crude glycerol is the main residue from biodiesel production. The amount of 
this waste product is about 10% from the produced fuel. The poor quality of this 
glycerol, containing water, potassium hydroxide, and some methanol makes it 
non-suitable for market purposes even after purification. One alternative utiliza-
tion of this residual glycerol is in its direct conversion into biogas, thus supplying 
the biodiesel plant with energy simultaneously. However, as a very simple and 
digestible substrate, glycerol yields large amounts of organic acids as intermediates, 
leading to strong inhibition of methanogenic bacteria [16–18]. That is why glycerol 
must be used as substrate for biogas production very cautiously with the addition 
of small amounts, thus making this process with little practical use. It is reported, 
however, that small additions of glycerol to other basic substrates, i.e. manure, can 
boost biogas production, as reported by Robra et al. [19] and Astals et al. [20].

Food industry is also a good source for biogas production.

3. Biogas applications

3.1 Biogas for heating

Traditional biogas contains approximately 60% (vol.) methane, almost 40% 
carbon dioxide, small amounts of ethane and hydrogen (less than 0.5% together), 
hydrogen sulfide and mercaptanes (some ppm), humidity, and traces of oxygen. 
Its net energy capacity is ca. 24 MJ/nm3 at methane content of 60% (vol.). The first 
and most direct use of biogas is for heating purposes for maintenance of the equip-
ment and the farm, where the animal dung is treated. The same applies for its use 
for domestic purposes, besides heating, e.g., cooking and lighting, as firstly used in 
Asian and African countries.

Another more sophisticated use of the biogas heating capacity is its utilization as 
heat energy in beverage and ethanol production. There the stillage remaining after 
distillation is recycled for biogas production. The resulting biogas is combusted for 
boiler heating and for energy for operation of distillation columns. Thus, the prob-
lems with the treatment of the residual stillage are solved by conversion into biogas, 
thus mitigating the problems with energy supply and spending. Calculations show 
that in some cases, stillage utilization as biogas can cover almost the whole energy 
demand for heating the distillation process. Besides these straightforward applica-
tions, biogas is also injected into the grid for natural gas supply for domestic use 
[21, 22]. For this purpose, a preliminary scrubbing of the carbon dioxide and sulfur 
compounds is necessary.

3.2 Biogas for electricity

Biogas is suitable for generation of electric power in combination with heat 
recovery. Usually the gas is combusted in engines with internal combustion coupled 
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to turbine. The released heat (being around 60% of the utilized energy) is used for 
heating purposes for maintenance of the anaerobic digester or for household needs. 
This method is widely applied for the treatment of activated sludge, a residue from 
municipal wastewater treatment plants [23, 24].

Electricity production by gas turbines can be applied by biogas as a fuel, thus 
replacing the natural gas for small-scale applications (or power within 25–100 kW).

3.3 Biogas for transport

The use of biogas as a fuel for civil transport and road vehicles instead of natural 
gas is already spread in Western Europe and the United States [25]. There are many 
vehicles in Sweden operating on biogas in the urban public transport [26].

3.4 Biogas in fuel cells

Another very attractive application of biogas for electricity production is its 
use in fuel cells. The specialized cells for these purposes are described briefly by 
O’Hayre et al. [27]. Prior to biogas feed, carbon dioxide and sulfur compounds must 
be removed by scrubbing to avoid corrosion and catalyst poisoning and to rise the 
gas energy capacity. A sketch of such a fuel cell is shown in Figure 3, cf. [28].

The classic process for methane-driven fuel cells is to convert catalytically by 
steam reforming methane into a mixture of carbon monoxide and hydrogen and 
to use the latter in a traditional hydrogen/oxygen fuel cell to generate electricity. 
The advantages of fuel cell applications with methane as a fuel compared to the 
traditional heat power stations consist in their higher efficiency, clean waste gases 
(containing almost only carbon dioxide), and higher efficiency at low loads than the 
gas turbine equipment [29]. Moreover, the released heat can be utilized for different 
purposes; the main one is to maintain the temperature regime in the fuel cell. There 
are many practical applications of these methods. It is already widely commercial-
ized. A disadvantage of this method is the necessity of consequent reactions of steam 
reforming and carbon monoxide removal as well as the operation at high tempera-
tures (about 750°C), being harmful for the metal parts of the equipment [30, 31]. 
Higher temperatures are preferred to avoid coke deposition on the catalyst [31].

Figure 3. 
Principal sketch of methane-driven fuel cell, from [28].
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hydrogen sulfide and mercaptanes (some ppm), humidity, and traces of oxygen. 
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Another more sophisticated use of the biogas heating capacity is its utilization as 
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distillation is recycled for biogas production. The resulting biogas is combusted for 
boiler heating and for energy for operation of distillation columns. Thus, the prob-
lems with the treatment of the residual stillage are solved by conversion into biogas, 
thus mitigating the problems with energy supply and spending. Calculations show 
that in some cases, stillage utilization as biogas can cover almost the whole energy 
demand for heating the distillation process. Besides these straightforward applica-
tions, biogas is also injected into the grid for natural gas supply for domestic use 
[21, 22]. For this purpose, a preliminary scrubbing of the carbon dioxide and sulfur 
compounds is necessary.

3.2 Biogas for electricity

Biogas is suitable for generation of electric power in combination with heat 
recovery. Usually the gas is combusted in engines with internal combustion coupled 
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to turbine. The released heat (being around 60% of the utilized energy) is used for 
heating purposes for maintenance of the anaerobic digester or for household needs. 
This method is widely applied for the treatment of activated sludge, a residue from 
municipal wastewater treatment plants [23, 24].

Electricity production by gas turbines can be applied by biogas as a fuel, thus 
replacing the natural gas for small-scale applications (or power within 25–100 kW).

3.3 Biogas for transport

The use of biogas as a fuel for civil transport and road vehicles instead of natural 
gas is already spread in Western Europe and the United States [25]. There are many 
vehicles in Sweden operating on biogas in the urban public transport [26].

3.4 Biogas in fuel cells

Another very attractive application of biogas for electricity production is its 
use in fuel cells. The specialized cells for these purposes are described briefly by 
O’Hayre et al. [27]. Prior to biogas feed, carbon dioxide and sulfur compounds must 
be removed by scrubbing to avoid corrosion and catalyst poisoning and to rise the 
gas energy capacity. A sketch of such a fuel cell is shown in Figure 3, cf. [28].

The classic process for methane-driven fuel cells is to convert catalytically by 
steam reforming methane into a mixture of carbon monoxide and hydrogen and 
to use the latter in a traditional hydrogen/oxygen fuel cell to generate electricity. 
The advantages of fuel cell applications with methane as a fuel compared to the 
traditional heat power stations consist in their higher efficiency, clean waste gases 
(containing almost only carbon dioxide), and higher efficiency at low loads than the 
gas turbine equipment [29]. Moreover, the released heat can be utilized for different 
purposes; the main one is to maintain the temperature regime in the fuel cell. There 
are many practical applications of these methods. It is already widely commercial-
ized. A disadvantage of this method is the necessity of consequent reactions of steam 
reforming and carbon monoxide removal as well as the operation at high tempera-
tures (about 750°C), being harmful for the metal parts of the equipment [30, 31]. 
Higher temperatures are preferred to avoid coke deposition on the catalyst [31].

Figure 3. 
Principal sketch of methane-driven fuel cell, from [28].
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There are new efforts to lower the operation temperature to 500°C in order to 
keep the equipment durability [32, 33]. Another improvement of the technology is 
to use the mixture of carbon monoxide and hydrogen as a fuel simultaneously, thus 
simplifying the whole process, but applying new catalytic process.

The most attractive option is to convert methane (biogas, respectively) into elec-
tricity in one step, thus avoiding the steam reforming and carbon dioxide removal. 
There are some new studies showing direct catalytic oxidation of methane in the 
anodic space of solid oxide fuel cells (SOFCs), with direct activation of the C-H 
bonds in the methane molecule [28, 34–36]. A platinum catalyst was used for this 
purpose at low temperatures, e.g., 80°C. However, the catalyst deactivates, and the 
process is limited by methane diffusion in the anodic space. As a result, the power 
density is still low for practical use.

3.5 Biogas for chemicals

Besides as a fuel, biogas could be used as a feedstock for synthetic organic fuel 
production. There are studies claiming for biogas recovery as fuels applying cata-
lytic auto-reforming. Another approach is the dry reforming consisting in convert-
ing the equimolar mixture of methane and carbon dioxide into synthesis gas (an 
equimolar mixture of carbon monoxide and hydrogen).

Afterward, this synthesis gas is converted into a mixture of light hydrocarbons by 
the catalytic Fischer-Tropsch process. The resulting Fischer-Tropsch process yields 
liquid hydrocarbon fuels (methanol and dimethyl ether). The intrinsically high-
energy density of these fuels and their transportability make them highly desirable. 
Such synthetic fuels do not contain any sulfur. In addition, methanol (arguably the 
“simplest” synthetic carbonaceous fuel) is a candidate both as a hydrogen source for 
a fuel cell vehicle and indeed as a transport fuel, and dimethyl ether is viewed as a 
“superclean” diesel fuel [36]. It is well known that methanol is a starting material in 
chemical industry. It is a liquid at room temperature and has much easier storage and 
transport capabilities than alternatives such as methane and hydrogen. Methanol 
is used as solvent, gasoline additive, and a chemical feedstock for production of 
biodiesel and other chemicals of high value. Therefore, the wide application of 
methanol motivates its large-scale production, which is ever increasing.

However, presently, the dominant technology of methanol is a two-step cata-
lytic process, which is too expensive. A large number of industrial-scale chemical 
manufacturing processes are currently operated worldwide on the basis of strongly 
endothermic chemical reactions. The steam reforming of hydrocarbons to yield 
syngas and hydrogen is a classic example:

 CH4 + H2O → CO + 3H2 ΔH0
298K = +206.3 kJ/mol (1)

The above, highly endothermic reaction is used worldwide for the high-volume 
production of “merchant hydrogen” in the gas, food, and fertilizer industries, i.e., other 
portions of energy have to be spent with the consequent air pollution by carbon dioxide.

At present, a relevant technology for methanol production resides in the trans-
formation of CO2 and CH4 to molecules having industrial added values. Among 
such technologies, a great attention is focused on the production of synthesis gas 
(gaseous mixture of CO and H2) that constitutes a versatile building block for 
subsequent production of methanol or chemical intermediates in petrochemi-
cal industries. Methanol is still produced on a world scale from synthesis gas, 
which is combination of varying amounts of H2, CO, and CO2 (at 200–300°C, 
50–100 bar), which is itself product of steam reforming of methane (SRM; at ca. 
800°C over Ni-based catalyst), followed by further conversion processes such as 
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Fischer-Tropsch (FT) synthesis. This two-step process incurs high energy and 
capital demands. Additionally, this process gives many other light and heavy weight 
co-products along with the methanol product. Therefore, additional energy and 
cost in the conventional methanol plants are directed to the separation of these 
coproducts from methanol prior to the final deposition of product.

The direct synthesis of methanol from syngas requires a H2/CO ratio of about 2 
[37, 38]. Since the syngas produced by dry reforming of methane (DRM) is too poor 
of H2 (H2/CO ≤ 1) to be fed to a FT synthesis unit, the bi-reforming of methane 
(BRM), combining DRM with steam reforming of methane (SRM) (H2/CO = 3) 
and the utilization of the most important two greenhouse gases CH4 and CO2 with 
water, may yield a syngas with ratio close to 2, the so-called “metgas”:

 3CH4 + CO2 + H2O ⇔ 4CO + 8H2 (2)

To date, only one plant with the combination of steam and dry reform-
ing has been recently demonstrated by the Japan Oil, Gas, and Metals National 
Cooperation. No other industrial technology for DRM has been developed because 
the selection and design of suitable reforming catalyst remain an important chal-
lenge. Ni-based catalysts are the most attractive candidates for large-scale industrial 
applications due to their high activity in DRM and SRM [39–43], low cost, and 
wide availability compared to noble metals. However, they are sensitive to deactiva-
tion caused by the metal particles sintering and carbon formation at high reaction 
temperature of reforming processes. Development of selective and coke-resistance 
modified Ni-based reforming catalysts is a key challenge for successful application 
of bi-reforming for methanol production. Modifying Ni catalysts with suitable pro-
moters and supported on reducible metal oxide carriers will give the opportunity to 
develop active and stable catalysts for bi-reforming of methane.

A “super-dry” CH4 reforming reaction for enhanced CO production from CH4 
and CO2 was developed [44]. Ni/MgAl2O4 was used as a CH4 reforming catalyst, 
Fe2O3/MgAl2O4 was used as a solid oxygen carrier, and CaO/Al2O3 was used as a CO2 
sorbent. The isothermal coupling of these three different processes resulted in a 
higher CO production than conventional dry reforming by avoiding back reactions 
with water. Equation (3) shows the global reaction of this two-step process, in which 
CO and H2O are inherently separated because of the two-step process configuration:

 CH4 (g) + 3CO2 (g) → 4CO (g) + 2H2O (g) ΔH°298K = 330 kJ/molCH4 (3)

It is important to note that despite the apparently higher endothermic effect of 
the super-dry reforming process than conventional DRM (Eq. 1), the required heat 
input per mole CO2 converted is much lower (110 kJ/mol CO2 compared to 247 kJ/
mol CO2). Finally, given the availability of a renewable source of H2, applications 
are possible where CO and H2 can be combined in different ratios for the formation 
of chemicals or fuels [45, 46]. Indeed, an efficient and separate production of high 
purity CO and H2 would further establish the role of syngas as a versatile and flex-
ible platform mixture.

All these methods and techniques are applicable when biogas is available. Some 
other applications are described briefly below.

3.5.1 Biogas as a feedstock for value-added chemicals

First of all, biogas must be purified for sulfur compounds prior to its use [47]. 
Afterward, methane and carbon dioxide have to be separated by membrane processes 
using gas-liquid systems [48] or swing pressure adsorption [49]. Once methane and 
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There are new efforts to lower the operation temperature to 500°C in order to 
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Besides as a fuel, biogas could be used as a feedstock for synthetic organic fuel 
production. There are studies claiming for biogas recovery as fuels applying cata-
lytic auto-reforming. Another approach is the dry reforming consisting in convert-
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Afterward, this synthesis gas is converted into a mixture of light hydrocarbons by 
the catalytic Fischer-Tropsch process. The resulting Fischer-Tropsch process yields 
liquid hydrocarbon fuels (methanol and dimethyl ether). The intrinsically high-
energy density of these fuels and their transportability make them highly desirable. 
Such synthetic fuels do not contain any sulfur. In addition, methanol (arguably the 
“simplest” synthetic carbonaceous fuel) is a candidate both as a hydrogen source for 
a fuel cell vehicle and indeed as a transport fuel, and dimethyl ether is viewed as a 
“superclean” diesel fuel [36]. It is well known that methanol is a starting material in 
chemical industry. It is a liquid at room temperature and has much easier storage and 
transport capabilities than alternatives such as methane and hydrogen. Methanol 
is used as solvent, gasoline additive, and a chemical feedstock for production of 
biodiesel and other chemicals of high value. Therefore, the wide application of 
methanol motivates its large-scale production, which is ever increasing.

However, presently, the dominant technology of methanol is a two-step cata-
lytic process, which is too expensive. A large number of industrial-scale chemical 
manufacturing processes are currently operated worldwide on the basis of strongly 
endothermic chemical reactions. The steam reforming of hydrocarbons to yield 
syngas and hydrogen is a classic example:

 CH4 + H2O → CO + 3H2 ΔH0
298K = +206.3 kJ/mol (1)

The above, highly endothermic reaction is used worldwide for the high-volume 
production of “merchant hydrogen” in the gas, food, and fertilizer industries, i.e., other 
portions of energy have to be spent with the consequent air pollution by carbon dioxide.

At present, a relevant technology for methanol production resides in the trans-
formation of CO2 and CH4 to molecules having industrial added values. Among 
such technologies, a great attention is focused on the production of synthesis gas 
(gaseous mixture of CO and H2) that constitutes a versatile building block for 
subsequent production of methanol or chemical intermediates in petrochemi-
cal industries. Methanol is still produced on a world scale from synthesis gas, 
which is combination of varying amounts of H2, CO, and CO2 (at 200–300°C, 
50–100 bar), which is itself product of steam reforming of methane (SRM; at ca. 
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Fischer-Tropsch (FT) synthesis. This two-step process incurs high energy and 
capital demands. Additionally, this process gives many other light and heavy weight 
co-products along with the methanol product. Therefore, additional energy and 
cost in the conventional methanol plants are directed to the separation of these 
coproducts from methanol prior to the final deposition of product.

The direct synthesis of methanol from syngas requires a H2/CO ratio of about 2 
[37, 38]. Since the syngas produced by dry reforming of methane (DRM) is too poor 
of H2 (H2/CO ≤ 1) to be fed to a FT synthesis unit, the bi-reforming of methane 
(BRM), combining DRM with steam reforming of methane (SRM) (H2/CO = 3) 
and the utilization of the most important two greenhouse gases CH4 and CO2 with 
water, may yield a syngas with ratio close to 2, the so-called “metgas”:

 3CH4 + CO2 + H2O ⇔ 4CO + 8H2 (2)

To date, only one plant with the combination of steam and dry reform-
ing has been recently demonstrated by the Japan Oil, Gas, and Metals National 
Cooperation. No other industrial technology for DRM has been developed because 
the selection and design of suitable reforming catalyst remain an important chal-
lenge. Ni-based catalysts are the most attractive candidates for large-scale industrial 
applications due to their high activity in DRM and SRM [39–43], low cost, and 
wide availability compared to noble metals. However, they are sensitive to deactiva-
tion caused by the metal particles sintering and carbon formation at high reaction 
temperature of reforming processes. Development of selective and coke-resistance 
modified Ni-based reforming catalysts is a key challenge for successful application 
of bi-reforming for methanol production. Modifying Ni catalysts with suitable pro-
moters and supported on reducible metal oxide carriers will give the opportunity to 
develop active and stable catalysts for bi-reforming of methane.

A “super-dry” CH4 reforming reaction for enhanced CO production from CH4 
and CO2 was developed [44]. Ni/MgAl2O4 was used as a CH4 reforming catalyst, 
Fe2O3/MgAl2O4 was used as a solid oxygen carrier, and CaO/Al2O3 was used as a CO2 
sorbent. The isothermal coupling of these three different processes resulted in a 
higher CO production than conventional dry reforming by avoiding back reactions 
with water. Equation (3) shows the global reaction of this two-step process, in which 
CO and H2O are inherently separated because of the two-step process configuration:

 CH4 (g) + 3CO2 (g) → 4CO (g) + 2H2O (g) ΔH°298K = 330 kJ/molCH4 (3)

It is important to note that despite the apparently higher endothermic effect of 
the super-dry reforming process than conventional DRM (Eq. 1), the required heat 
input per mole CO2 converted is much lower (110 kJ/mol CO2 compared to 247 kJ/
mol CO2). Finally, given the availability of a renewable source of H2, applications 
are possible where CO and H2 can be combined in different ratios for the formation 
of chemicals or fuels [45, 46]. Indeed, an efficient and separate production of high 
purity CO and H2 would further establish the role of syngas as a versatile and flex-
ible platform mixture.

All these methods and techniques are applicable when biogas is available. Some 
other applications are described briefly below.

3.5.1 Biogas as a feedstock for value-added chemicals

First of all, biogas must be purified for sulfur compounds prior to its use [47]. 
Afterward, methane and carbon dioxide have to be separated by membrane processes 
using gas-liquid systems [48] or swing pressure adsorption [49]. Once methane and 
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carbon dioxide are separated, each of them has its own route for further applica-
tion. Besides the already mentioned applications as a fuel for transport and energy 
purposes, dry reforming and steam reforming to obtain synthesis gas, the purified 
methane can be converted into light hydrocarbons, e.g., ethane and ethylene by 
advanced methods, like the so-called VYJ process [50–53]. By this method, methane 
is converted in one step into ethylene by catalytic or electrocatalytic reaction [54–56].

High yields up to 88% in total are attained [50]. The rest of nonreacted methane 
is trapped in molecular sieves and recycled to the reactor [50, 53, 54]. In this way, 
the use of methane reaches 97% with an ethylene yield of 85% [50].

As ethylene is a basic feedstock for the mostly spread polymerizations and many 
value-added chemicals, it is clear that this way of biogas utilization is quite promis-
ing one.

4. Methodologies for energy demand evaluation in biogas production

The usual criteria for the feasibility of an anaerobic digestion technology are 
the type of digester, the operation temperature, the necessary retention time of the 
substrate in the reactor, the substrate acidity (the initial pH value), and the pres-
ence of certain chemicals in the inlet slurry.

However, the most important one is energy demand for the biogas formation 
and the energy potential of the produced biogas.

There are two typical temperature ranges for biogas production: mesophilic one 
(at 30–35°C) and thermophilic one (at 55–60°C). Different genera of methanogenic 
microorganisms are capable to accomplish the processes in those two cases. The 
advantages of the thermophilic regime are in the higher production rate and the lack 
of pathogens in the outlet slurry. However, the energy input for maintenance of this 
regime is higher than for the mesophilic one.

The question of the energy demand for any industrial process is of crucial 
importance for its economic reliability. The same applies to biogas production.

There are some methodologies for the estimation of the feasibility of biogas 
production [57, 58]. They all involve the demand of heat for temperature mainte-
nance and electricity for mechanical operations (stirring, pumping, and transport) 
and comparison to the energy yield after anaerobic digestion.

Generally, the operations for a certain flowsheet are separated into production 
processes and support ones. The production processes in the considered case are 
the reception of the substrate and its storage, pre-treatment of feed (dilution, pH 
adjustment, acid hydrolysis, etc.), and anaerobic digestion with biogas production. 
The removal of the digestate and its storage and processing are also included. This 
set of processes is called as Level 1 [57].

Once biogas is produced, it could be used for direct heat and/or electricity 
production and supplied to customers or for own use (Level 2). More sophisticated 
operations, such as gas cleaning, upgrading (i.e., removal of carbon dioxide), and 
compressing the upgraded gas, are required if the gas will be distributed by the gas 
distribution grid or for some chemical applications.

The methodologies for energy demand evaluation consist in the inventory of all 
such processes and auxiliary ones with their energy demand per unit production 
(i.e., amount of produced biogas with certain energy potential). Then, the overall 
energy demand is compared to the biogas yield with its energy potential, and the 
percentage of the energy input to the overall yield is a measure for feasibility of the 
studied technology.

The structures of the energy demand for different flow sheets and the weight of 
different subprocesses depend on the substrate properties (particles size, chemical 
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structure and content, moisture, and total solid content) and the amount to be 
treated, the digester construction and design.

Berglund and Borjesson [58] proposed a methodology based on the life-cycle 
perspective including the energy required for the production of the substrates 
(including crop growth, harvesting, transport, etc.). The energy efficiency is 
defined by the ratio of the energy input to the energy yield of the produced 
biogas. It was found that the energy input corresponds mainly to 15–40% of the 
energy content of the produced biogas. The subprocesses of extensive handling 
of raw materials may lead to considerably increase the energy input and thus to 
undermine the feasibility of the entire technology.

In case the gas will be used as a feedstock for other chemical applications 
(e.g., dry reforming and steam reforming), the operational costs of the processes 
at Levels 1 and 2 have to be compared to the operational costs for the chemical 
processes and the prices of the produced chemicals or other final products.

5. Residual carbon dioxide

The main disadvantage of biomass produced fuels is the inevitable release of 
CO2 in the atmosphere after combustion. Therefore, big efforts are made in the 
recent years for remediation of this adverse effect of greenhouse gas. The best way 
to cope with this problem is the natural assimilation by the vegetation by photosyn-
thesis, but it is not sufficient due to the very large emissions from industrial sources, 
energy production, transport, and household. That is why many other methods are 
proposed and studied in the recent years.

One of them is the direct use of pure carbon dioxide as a solvent in supercriti-
cal extraction in the pharmaceutical industry. However, this application is limited and 
cannot be a substantial solution of the problem. There are many efforts to recycle car-
bon dioxide to produce different organic chemicals: formic acid, methanol, dimethyl-
ether, poly-carbonates, acrylic acid, etc. [59, 60]. All of these methods are applicable for 
the residual carbon dioxide after separation from biogas. Therefore, not only methane 
but also carbon dioxide in biogas is valuable source of energy and value-added product.

6. Conclusions

The data presented here illustrate one of the very important biorefinery 
approaches to produce simultaneous energy and value-added chemicals from 
biomass, thus reducing the demand of fossil fuels and resulting in overloading of 
atmosphere by greenhouse gases. The same applies to the water and soil pollution, 
since those resulting from biomass processing are nature compatible and facilitate 
the formation of close energy and material cycle. One of the ways to do it is biogas 
production from such waste.

At the end, we can say that biogas extends its area of application leading 
simultaneously to protect the environment by waste treatment, natural gas, 
and fossil fuel saving, as well as to replace, at least partially, the oil as a feedstock 
for organic value-added products.

Acknowledgements

This work was supported by the Bulgarian Ministry of Education and Science 
under the National Research Program Eplus: Low Carbon Energy for the Transport 
and Households, grant agreement D01-214/2018.



Biorefinery Concepts, Energy and Products

24

carbon dioxide are separated, each of them has its own route for further applica-
tion. Besides the already mentioned applications as a fuel for transport and energy 
purposes, dry reforming and steam reforming to obtain synthesis gas, the purified 
methane can be converted into light hydrocarbons, e.g., ethane and ethylene by 
advanced methods, like the so-called VYJ process [50–53]. By this method, methane 
is converted in one step into ethylene by catalytic or electrocatalytic reaction [54–56].

High yields up to 88% in total are attained [50]. The rest of nonreacted methane 
is trapped in molecular sieves and recycled to the reactor [50, 53, 54]. In this way, 
the use of methane reaches 97% with an ethylene yield of 85% [50].

As ethylene is a basic feedstock for the mostly spread polymerizations and many 
value-added chemicals, it is clear that this way of biogas utilization is quite promis-
ing one.

4. Methodologies for energy demand evaluation in biogas production

The usual criteria for the feasibility of an anaerobic digestion technology are 
the type of digester, the operation temperature, the necessary retention time of the 
substrate in the reactor, the substrate acidity (the initial pH value), and the pres-
ence of certain chemicals in the inlet slurry.

However, the most important one is energy demand for the biogas formation 
and the energy potential of the produced biogas.

There are two typical temperature ranges for biogas production: mesophilic one 
(at 30–35°C) and thermophilic one (at 55–60°C). Different genera of methanogenic 
microorganisms are capable to accomplish the processes in those two cases. The 
advantages of the thermophilic regime are in the higher production rate and the lack 
of pathogens in the outlet slurry. However, the energy input for maintenance of this 
regime is higher than for the mesophilic one.

The question of the energy demand for any industrial process is of crucial 
importance for its economic reliability. The same applies to biogas production.

There are some methodologies for the estimation of the feasibility of biogas 
production [57, 58]. They all involve the demand of heat for temperature mainte-
nance and electricity for mechanical operations (stirring, pumping, and transport) 
and comparison to the energy yield after anaerobic digestion.

Generally, the operations for a certain flowsheet are separated into production 
processes and support ones. The production processes in the considered case are 
the reception of the substrate and its storage, pre-treatment of feed (dilution, pH 
adjustment, acid hydrolysis, etc.), and anaerobic digestion with biogas production. 
The removal of the digestate and its storage and processing are also included. This 
set of processes is called as Level 1 [57].

Once biogas is produced, it could be used for direct heat and/or electricity 
production and supplied to customers or for own use (Level 2). More sophisticated 
operations, such as gas cleaning, upgrading (i.e., removal of carbon dioxide), and 
compressing the upgraded gas, are required if the gas will be distributed by the gas 
distribution grid or for some chemical applications.

The methodologies for energy demand evaluation consist in the inventory of all 
such processes and auxiliary ones with their energy demand per unit production 
(i.e., amount of produced biogas with certain energy potential). Then, the overall 
energy demand is compared to the biogas yield with its energy potential, and the 
percentage of the energy input to the overall yield is a measure for feasibility of the 
studied technology.

The structures of the energy demand for different flow sheets and the weight of 
different subprocesses depend on the substrate properties (particles size, chemical 

25

Biogas as a Source of Energy and Chemicals
DOI: http://dx.doi.org/10.5772/intechopen.90558

structure and content, moisture, and total solid content) and the amount to be 
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energy production, transport, and household. That is why many other methods are 
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cal extraction in the pharmaceutical industry. However, this application is limited and 
cannot be a substantial solution of the problem. There are many efforts to recycle car-
bon dioxide to produce different organic chemicals: formic acid, methanol, dimethyl-
ether, poly-carbonates, acrylic acid, etc. [59, 60]. All of these methods are applicable for 
the residual carbon dioxide after separation from biogas. Therefore, not only methane 
but also carbon dioxide in biogas is valuable source of energy and value-added product.

6. Conclusions

The data presented here illustrate one of the very important biorefinery 
approaches to produce simultaneous energy and value-added chemicals from 
biomass, thus reducing the demand of fossil fuels and resulting in overloading of 
atmosphere by greenhouse gases. The same applies to the water and soil pollution, 
since those resulting from biomass processing are nature compatible and facilitate 
the formation of close energy and material cycle. One of the ways to do it is biogas 
production from such waste.

At the end, we can say that biogas extends its area of application leading 
simultaneously to protect the environment by waste treatment, natural gas, 
and fossil fuel saving, as well as to replace, at least partially, the oil as a feedstock 
for organic value-added products.

Acknowledgements

This work was supported by the Bulgarian Ministry of Education and Science 
under the National Research Program Eplus: Low Carbon Energy for the Transport 
and Households, grant agreement D01-214/2018.



Biorefinery Concepts, Energy and Products

26

Conflict of interest

The authors declare no conflict of interest.

Author details

Sonia Damyanova1 and Venko Beschkov2*

1 Institute of Catalysis, Bulgarian Academy of Sciences, Sofia, Bulgaria

2 Institute of Chemical Engineering, Bulgarian Academy of Sciences, Sofia, 
Bulgaria

*Address all correspondence to: vbeschkov@gmail.com

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

27

Biogas as a Source of Energy and Chemicals
DOI: http://dx.doi.org/10.5772/intechopen.90558

References

[1] Eurostat (nrg_100a) and (nrg_107a) 
(Internet). Available from: https://
ec.europa.eu/eurostat/statistics-
explained/pdfscache/1216.pdf. 
[Accessed: 18 June 2019]

[2] Ni JQ , Naveau H, Nyns EJ. Biogas: 
Exploitation of a renewable energy 
in Latin America. Renewable 
Energy. 1993;3:763-779. DOI: 
10.1016/0960-1481(93)90084-T

[3] Braun R. Biogas-Methane Treatment 
of Organic Waste. Wien: Springer; 1982

[4] Nallathambi Gunaseelan V. 
Anaerobic digestion of biomass for 
methane production: A review. Biomass 
and Bioenergy. 1997;13:83-114

[5] Zubr J. Methanogenic fermentation 
of fresh and ensiled plant materials. 
Biomass. 1986;11:159-171

[6] Cesaro A, Belgiorno V. Combined 
biogas and bioethanol production: 
Opportunities and challenges for 
industrial application. Energies. 
2015;8:8121-8144

[7] Biogas a Renewable Fuel. 2018. 
Available from: http://biogas.ifas.ufl.
edu/digesters.asp. [Accessed: 18 June 
2019]

[8] Hou CT, Shaw JF, editors. Biocatalysis 
and Bioenergy. Hoboken, New Jerrsey: 
John Wiley & Sons, Inc.; 2009. ISBN: 
978-0-470-13404-7

[9] Zafar S. Danish Bioethanol Concept, 
Trends in Utilization of Biogas. 
2009. Available from: https://www.
bioenergyconsult.com/tag/danish-
bioethanol-concept/. [Accessed: 13 
November 2019]

[10] Sawyerr N, Trois C, Workneh TS,  
Okudo V. An overview of biogas 
production: Fundamentals, applications 
and future research. International 

Journal of Energy Economics and 
Policy. 2019;9:105-115. DOI: 10.32479/
ijeep.7375

[11] Lettinga G, de Man A, van 
der Last ARM, Wiegant W, Van 
Knippenberg K, Frijns J, et al. Anaerobic 
treatment of domestic sewage and 
wastewater. Water Science and 
Technology. 1993;27:67-93

[12] Vieira SMM, Souza ME. 
Development of technology for the 
use of the UASB reactor in domestic 
sewage treatment. Water Science and 
Technology. 1986;18:109-121

[13] Schellinkhout A, Collazos CJ. Full-
scale application of the UASB 
technology for sewage treatment. 
Water Science and Technology. 
1992;25:159-166

[14] Grobicki A, Stuckey DC. 
Hydrodynamic characteristics of 
the anaerobic baffled reactor. Water 
Research. 1992;26:371-378. DOI: 
10.1016/0043-1354(92)90034-2

[15] Beschkov V. Biogas, biodiesel 
and bioethanol as multifunctional 
renewable fuels and raw materials. 
In: Jacob-Lopes E, Zepka LQ , editors. 
Frontiers in Bioenergy and Biofuels. 
Rijeka, Croatia: Intechopen; 2017. 
pp. 185-205. ISBN: 978-953-51-2892-2

[16] Kolesárová N, Hutňan M, 
Špalková V, Lazor M. Biodiesel by- 
products as potential substrates for 
biogas production. In: Proceedings 
from the 37th International 
Conference of SSCHE, May 24-28, 
2010. Slovakia: Tatranske´ Matliare. 
pp. 1126-1139

[17] López JÁS, De los Ángeles Martín 
Santos MC, Martín AM. Anaerobic 
digestion of glycerol derived from 
biodiesel manufacturing. Bioresource 
Technology. 2009;100:5609-5615



Biorefinery Concepts, Energy and Products

26

Conflict of interest

The authors declare no conflict of interest.

Author details

Sonia Damyanova1 and Venko Beschkov2*

1 Institute of Catalysis, Bulgarian Academy of Sciences, Sofia, Bulgaria

2 Institute of Chemical Engineering, Bulgarian Academy of Sciences, Sofia, 
Bulgaria

*Address all correspondence to: vbeschkov@gmail.com

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

27

Biogas as a Source of Energy and Chemicals
DOI: http://dx.doi.org/10.5772/intechopen.90558

References

[1] Eurostat (nrg_100a) and (nrg_107a) 
(Internet). Available from: https://
ec.europa.eu/eurostat/statistics-
explained/pdfscache/1216.pdf. 
[Accessed: 18 June 2019]

[2] Ni JQ , Naveau H, Nyns EJ. Biogas: 
Exploitation of a renewable energy 
in Latin America. Renewable 
Energy. 1993;3:763-779. DOI: 
10.1016/0960-1481(93)90084-T

[3] Braun R. Biogas-Methane Treatment 
of Organic Waste. Wien: Springer; 1982

[4] Nallathambi Gunaseelan V. 
Anaerobic digestion of biomass for 
methane production: A review. Biomass 
and Bioenergy. 1997;13:83-114

[5] Zubr J. Methanogenic fermentation 
of fresh and ensiled plant materials. 
Biomass. 1986;11:159-171

[6] Cesaro A, Belgiorno V. Combined 
biogas and bioethanol production: 
Opportunities and challenges for 
industrial application. Energies. 
2015;8:8121-8144

[7] Biogas a Renewable Fuel. 2018. 
Available from: http://biogas.ifas.ufl.
edu/digesters.asp. [Accessed: 18 June 
2019]

[8] Hou CT, Shaw JF, editors. Biocatalysis 
and Bioenergy. Hoboken, New Jerrsey: 
John Wiley & Sons, Inc.; 2009. ISBN: 
978-0-470-13404-7

[9] Zafar S. Danish Bioethanol Concept, 
Trends in Utilization of Biogas. 
2009. Available from: https://www.
bioenergyconsult.com/tag/danish-
bioethanol-concept/. [Accessed: 13 
November 2019]

[10] Sawyerr N, Trois C, Workneh TS,  
Okudo V. An overview of biogas 
production: Fundamentals, applications 
and future research. International 

Journal of Energy Economics and 
Policy. 2019;9:105-115. DOI: 10.32479/
ijeep.7375

[11] Lettinga G, de Man A, van 
der Last ARM, Wiegant W, Van 
Knippenberg K, Frijns J, et al. Anaerobic 
treatment of domestic sewage and 
wastewater. Water Science and 
Technology. 1993;27:67-93

[12] Vieira SMM, Souza ME. 
Development of technology for the 
use of the UASB reactor in domestic 
sewage treatment. Water Science and 
Technology. 1986;18:109-121

[13] Schellinkhout A, Collazos CJ. Full-
scale application of the UASB 
technology for sewage treatment. 
Water Science and Technology. 
1992;25:159-166

[14] Grobicki A, Stuckey DC. 
Hydrodynamic characteristics of 
the anaerobic baffled reactor. Water 
Research. 1992;26:371-378. DOI: 
10.1016/0043-1354(92)90034-2

[15] Beschkov V. Biogas, biodiesel 
and bioethanol as multifunctional 
renewable fuels and raw materials. 
In: Jacob-Lopes E, Zepka LQ , editors. 
Frontiers in Bioenergy and Biofuels. 
Rijeka, Croatia: Intechopen; 2017. 
pp. 185-205. ISBN: 978-953-51-2892-2

[16] Kolesárová N, Hutňan M, 
Špalková V, Lazor M. Biodiesel by- 
products as potential substrates for 
biogas production. In: Proceedings 
from the 37th International 
Conference of SSCHE, May 24-28, 
2010. Slovakia: Tatranske´ Matliare. 
pp. 1126-1139

[17] López JÁS, De los Ángeles Martín 
Santos MC, Martín AM. Anaerobic 
digestion of glycerol derived from 
biodiesel manufacturing. Bioresource 
Technology. 2009;100:5609-5615



Biorefinery Concepts, Energy and Products

28

[18] Beschkov V, Angelov I, Petrova P. 
Biogas production from glycerol in a 
multistage anaerobic digestor. Current 
Topics in Biotechnology. 2012;7:61-69

[19] Robra S, Serpa da Cruz R,  
Oliveira AM, Almeida Neto JA, 
Santos JV. Generation of biogas using 
crude glycerin from biodiesel production 
as a supplement to cattle slurry. Biomass 
and Bioenergy. 2010;34:804-806

[20] Astals S, Nolla-Ardèvol V, 
Mata-Alvarez J. Anaerobic co-digestion 
of pig manure and crude glycerol at 
mesophilic conditions: Biogas and 
digestate. Bioresource Technology. 
2012;110:63-70

[21] Hoo PY, Patrizio P, Leduc S, 
Hashim H, Kraxner F, Tan ST, et al. 
Optimal biomethane injection into 
natural gas grid – Biogas from palm 
oil mill effluent (POME) in Malaysia. 
Energy Procedia. 2017;105:562-569

[22] Nabin Aryal ID, Kvist T. Alternative 
of biogas injection into the Danish, 
gas grid system—A study from 
demand perspective. Chemical 
Engineering. 2018;2:43. DOI: 10.3390/
chemengineering2030043

[23] Teixeira Coelho S, Stortini 
Gonzales Velazques SM, Stella martins 
O, Castro De Abreu F. Biogas from 
sewage treatment used to electric 
energy generation, by a 30 kW (ISO) 
microturbine. In: Proceedings of 
the World Bioenergy Conference 
& Exhibition; May 30-June 1 2006; 
Jönköping, Sweden. Available from: 
http://143.107.4.241/download/
projetos/2_Erg-bior.pdf

[24] Schaller M. Biogas electricity 
production hits 17,272 GWh a year in 
Europe. Engineer Live. 2007:46-49. 
https://sswm.info/node/503

[25] Biogas for Road Vehicles. 
Technology Brief. Available from: 
https://www.irena.org/-/media/Files/
IRENA/Agency/Publication/2017/Mar/

IRENA_Biogas_for_Road_Vehicles_2017.
pdf. [Accessed: 13 November 2019]

[26] Jönsson O, Persson M. Biogas as 
transportation fuel. FVS Fachtagung. 
2003;99:99-111

[27] O’Hayre RP, Cha S-W, Colella WG, 
Prinz FB. Fuel Cell Fundamentals. 
2nd ed. New Jersey, USA: John Wiley 
& Sons, Inc.; 2009. pp. 384-385. ISBN: 
978-0-470-25843-9

[28] Borman S. Best effort yet to make 
direct methane fuel cell a reality. 
Chemical and Engineering News. 
2015;93:6

[29] Gür TM. Comprehensive review of 
methane conversion in solid oxide fuel 
cells: Prospects for efficient electricity 
generation from natural gas. Progress 
in Energy and Combustion Science. 
2016;54:1-64

[30] Lin Y, Zhan Z, Liu J, Barnett SA. 
Direct operation of solid oxide fuel cells 
with methane fuel. Solid State Ionics. 
2005;176:1827-1835

[31] Qu J, Wang W, Chen Y, Deng X, 
Shao Z. Stable direct-methane solid 
oxide fuel cells with calcium-oxide-
modified nickel-based anodes operating 
at reduced temperatures. Applied 
Energy. 2016;164:563-571

[32] Jenkins S. A methane fuel cell 
that operates at lower temperatures. 
Chemical Engineering. 2019. Available 
from: https://www.chemengonline.
com/methane-fuel-cell-operates-lower-
temperatures/

[33] Chen Y, deGlee B, Tang Y, Wang Z, 
Zhao B, Wei Y, et al. A robust fuel cell 
operated on nearly dry methane at 
500°C enabled by synergistic thermal 
catalysis and electrocatalysis. Nature 
Energy. 2018;3:1042-1050

[34] Perry Murray E, Tsai T, Barnett SA. 
A direct-methane fuel cell with a ceria-
based anode. Nature. 1999;400:649-651

29

Biogas as a Source of Energy and Chemicals
DOI: http://dx.doi.org/10.5772/intechopen.90558

[35] Putna ES, Stubenrauch J, Vohs JM, 
Gorte RJ. Ceria-based anodes for 
the direct oxidation of methane in 
solid oxide fuel cells. Langmuir. 
1995;11:4832-4837

[36] Centi G, Perathoner S. Opportunities 
and prospects in the chemical recycling 
of carbon dioxide to fuels. Catalysis 
Today. 2009;148:191-205. DOI: 
10.1016/j.cattod.2009.07.075

[37] Itkulova SS, Zakumbaeva GD, 
Nurmakanov YY, Mukazhanova AA, 
Yermaganbetova AK. Syngas 
production by bireforming of 
methane over Co-based alumina-
supported catalysts. Catalysis Today. 
2014;228:194-198

[38] Olah GA, Goeppert A, Czaun M, 
Mathew T, May RB, Prakash GKS. Single 
step bi-reforming and oxidative 
bi-reforming of methane (natural 
gas) with steam and carbon dioxide 
to metgas (CO-2H2) for methanol 
synthesis: Self-sufficient effective and 
exclusive oxygenation of methane 
to methanol with oxygen. Journal 
of the American Chemical Society. 
2015;137:8720-8729

[39] Cassinelli WH, Damyanova S, 
Parizotto NV, Zanchet D, Bueno JMC, 
Marques CMP. Study of the properties 
of supported Pd catalysts for steam 
and autothermal reforming of 
methane. Applied Catalysis A: General. 
2014;475:256-2695

[40] Bawadi A, Ghani NA, Vo DV. 
Recent advances in dry reforming 
of methane over Ni-based catalysts. 
Journal of Cleaner Production. 
2017;162:170-185

[41] Damyanova S, Pawelec B,  
Palcheva R, Karakirova Y, Capel 
Sanchez MC, Tyuliev G, et al. Structure 
and surface properties of ceria-modified 
Ni-based catalysts for hydrogen 
production. Applied Catalysis B: 
Environmental. 2018;225:340-353

[42] Van Hook JP. Methane-steam 
reforming. Catalysis Reviews: Science 
and Engineering. 1980;21:1-51

[43] Zhang Y, Wang W, Wang Z, Zhou X, 
Wang Z, Liu CJ. Steam reforming of 
methane over Ni/SiO2 catalyst with 
enhanced coke resistance at low steam 
to methane ratio. Catalysis Today. 
2015;256:130-136

[44] Buelens LC, Galvita VV, Poelman H, 
Detavernier C, Marin GB. Super-dry 
reforming of methane intensifies CO2 
utilization via Le Chatelier’s principle. 
Science. 2016;354:449-452. DOI: 
10.1126/science.aah7161

[45] Jiao F, Li J, Pan X, Xiao J, Li H, 
Ma H, et al. Selective conversion of 
syngas to light olefins. Science. 
2016;351:1065-1068. DOI: 10.1126/
science.aaf1835

[46] Torres Galvis HM, Bitter JH,  
Khare CB, Ruitenbeek M, Dugulan AI,  
de Jong KP. Supported iron 
nanoparticles as catalysts for sustainable 
production of lower olefins. Science. 
2012;335:835-838. DOI: 10.1126/
science.1215614

[47] Yentekakis IV, Goula G. Biogas 
management: advanced utilization for 
production of renewable energy and 
added-value chemicals. Frontiers in 
Environmental Science. 16 February 
2017. DOI: 10.3389/fenvs.2017.00007. 
[Accessed: 17 June 2019]

[48] Simons K, Nijmeijer K, Wessling M. 
Gas-liquid membrane contactors for Co2 
removal. Journal of Membrane Science. 
2009;340:214-220. DOI: 10.1016/j.
memsci.2009.05.035

[49] Alonso-Vicario A, Ochoa-Gómez JR, 
Gil-Río S, Gómez-Jiménez-Aberasturi O, 
Ramírez-López CA, Torrecilla-Soria J, 
et al. Purification and upgrading of 
biogas by pressure swing adsorption 
on synthetic and natural zeolites. 
Microporous and Mesoporous Materials. 



Biorefinery Concepts, Energy and Products

28

[18] Beschkov V, Angelov I, Petrova P. 
Biogas production from glycerol in a 
multistage anaerobic digestor. Current 
Topics in Biotechnology. 2012;7:61-69

[19] Robra S, Serpa da Cruz R,  
Oliveira AM, Almeida Neto JA, 
Santos JV. Generation of biogas using 
crude glycerin from biodiesel production 
as a supplement to cattle slurry. Biomass 
and Bioenergy. 2010;34:804-806

[20] Astals S, Nolla-Ardèvol V, 
Mata-Alvarez J. Anaerobic co-digestion 
of pig manure and crude glycerol at 
mesophilic conditions: Biogas and 
digestate. Bioresource Technology. 
2012;110:63-70

[21] Hoo PY, Patrizio P, Leduc S, 
Hashim H, Kraxner F, Tan ST, et al. 
Optimal biomethane injection into 
natural gas grid – Biogas from palm 
oil mill effluent (POME) in Malaysia. 
Energy Procedia. 2017;105:562-569

[22] Nabin Aryal ID, Kvist T. Alternative 
of biogas injection into the Danish, 
gas grid system—A study from 
demand perspective. Chemical 
Engineering. 2018;2:43. DOI: 10.3390/
chemengineering2030043

[23] Teixeira Coelho S, Stortini 
Gonzales Velazques SM, Stella martins 
O, Castro De Abreu F. Biogas from 
sewage treatment used to electric 
energy generation, by a 30 kW (ISO) 
microturbine. In: Proceedings of 
the World Bioenergy Conference 
& Exhibition; May 30-June 1 2006; 
Jönköping, Sweden. Available from: 
http://143.107.4.241/download/
projetos/2_Erg-bior.pdf

[24] Schaller M. Biogas electricity 
production hits 17,272 GWh a year in 
Europe. Engineer Live. 2007:46-49. 
https://sswm.info/node/503

[25] Biogas for Road Vehicles. 
Technology Brief. Available from: 
https://www.irena.org/-/media/Files/
IRENA/Agency/Publication/2017/Mar/

IRENA_Biogas_for_Road_Vehicles_2017.
pdf. [Accessed: 13 November 2019]

[26] Jönsson O, Persson M. Biogas as 
transportation fuel. FVS Fachtagung. 
2003;99:99-111

[27] O’Hayre RP, Cha S-W, Colella WG, 
Prinz FB. Fuel Cell Fundamentals. 
2nd ed. New Jersey, USA: John Wiley 
& Sons, Inc.; 2009. pp. 384-385. ISBN: 
978-0-470-25843-9

[28] Borman S. Best effort yet to make 
direct methane fuel cell a reality. 
Chemical and Engineering News. 
2015;93:6

[29] Gür TM. Comprehensive review of 
methane conversion in solid oxide fuel 
cells: Prospects for efficient electricity 
generation from natural gas. Progress 
in Energy and Combustion Science. 
2016;54:1-64

[30] Lin Y, Zhan Z, Liu J, Barnett SA. 
Direct operation of solid oxide fuel cells 
with methane fuel. Solid State Ionics. 
2005;176:1827-1835

[31] Qu J, Wang W, Chen Y, Deng X, 
Shao Z. Stable direct-methane solid 
oxide fuel cells with calcium-oxide-
modified nickel-based anodes operating 
at reduced temperatures. Applied 
Energy. 2016;164:563-571

[32] Jenkins S. A methane fuel cell 
that operates at lower temperatures. 
Chemical Engineering. 2019. Available 
from: https://www.chemengonline.
com/methane-fuel-cell-operates-lower-
temperatures/

[33] Chen Y, deGlee B, Tang Y, Wang Z, 
Zhao B, Wei Y, et al. A robust fuel cell 
operated on nearly dry methane at 
500°C enabled by synergistic thermal 
catalysis and electrocatalysis. Nature 
Energy. 2018;3:1042-1050

[34] Perry Murray E, Tsai T, Barnett SA. 
A direct-methane fuel cell with a ceria-
based anode. Nature. 1999;400:649-651

29

Biogas as a Source of Energy and Chemicals
DOI: http://dx.doi.org/10.5772/intechopen.90558

[35] Putna ES, Stubenrauch J, Vohs JM, 
Gorte RJ. Ceria-based anodes for 
the direct oxidation of methane in 
solid oxide fuel cells. Langmuir. 
1995;11:4832-4837

[36] Centi G, Perathoner S. Opportunities 
and prospects in the chemical recycling 
of carbon dioxide to fuels. Catalysis 
Today. 2009;148:191-205. DOI: 
10.1016/j.cattod.2009.07.075

[37] Itkulova SS, Zakumbaeva GD, 
Nurmakanov YY, Mukazhanova AA, 
Yermaganbetova AK. Syngas 
production by bireforming of 
methane over Co-based alumina-
supported catalysts. Catalysis Today. 
2014;228:194-198

[38] Olah GA, Goeppert A, Czaun M, 
Mathew T, May RB, Prakash GKS. Single 
step bi-reforming and oxidative 
bi-reforming of methane (natural 
gas) with steam and carbon dioxide 
to metgas (CO-2H2) for methanol 
synthesis: Self-sufficient effective and 
exclusive oxygenation of methane 
to methanol with oxygen. Journal 
of the American Chemical Society. 
2015;137:8720-8729

[39] Cassinelli WH, Damyanova S, 
Parizotto NV, Zanchet D, Bueno JMC, 
Marques CMP. Study of the properties 
of supported Pd catalysts for steam 
and autothermal reforming of 
methane. Applied Catalysis A: General. 
2014;475:256-2695

[40] Bawadi A, Ghani NA, Vo DV. 
Recent advances in dry reforming 
of methane over Ni-based catalysts. 
Journal of Cleaner Production. 
2017;162:170-185

[41] Damyanova S, Pawelec B,  
Palcheva R, Karakirova Y, Capel 
Sanchez MC, Tyuliev G, et al. Structure 
and surface properties of ceria-modified 
Ni-based catalysts for hydrogen 
production. Applied Catalysis B: 
Environmental. 2018;225:340-353

[42] Van Hook JP. Methane-steam 
reforming. Catalysis Reviews: Science 
and Engineering. 1980;21:1-51

[43] Zhang Y, Wang W, Wang Z, Zhou X, 
Wang Z, Liu CJ. Steam reforming of 
methane over Ni/SiO2 catalyst with 
enhanced coke resistance at low steam 
to methane ratio. Catalysis Today. 
2015;256:130-136

[44] Buelens LC, Galvita VV, Poelman H, 
Detavernier C, Marin GB. Super-dry 
reforming of methane intensifies CO2 
utilization via Le Chatelier’s principle. 
Science. 2016;354:449-452. DOI: 
10.1126/science.aah7161

[45] Jiao F, Li J, Pan X, Xiao J, Li H, 
Ma H, et al. Selective conversion of 
syngas to light olefins. Science. 
2016;351:1065-1068. DOI: 10.1126/
science.aaf1835

[46] Torres Galvis HM, Bitter JH,  
Khare CB, Ruitenbeek M, Dugulan AI,  
de Jong KP. Supported iron 
nanoparticles as catalysts for sustainable 
production of lower olefins. Science. 
2012;335:835-838. DOI: 10.1126/
science.1215614

[47] Yentekakis IV, Goula G. Biogas 
management: advanced utilization for 
production of renewable energy and 
added-value chemicals. Frontiers in 
Environmental Science. 16 February 
2017. DOI: 10.3389/fenvs.2017.00007. 
[Accessed: 17 June 2019]

[48] Simons K, Nijmeijer K, Wessling M. 
Gas-liquid membrane contactors for Co2 
removal. Journal of Membrane Science. 
2009;340:214-220. DOI: 10.1016/j.
memsci.2009.05.035

[49] Alonso-Vicario A, Ochoa-Gómez JR, 
Gil-Río S, Gómez-Jiménez-Aberasturi O, 
Ramírez-López CA, Torrecilla-Soria J, 
et al. Purification and upgrading of 
biogas by pressure swing adsorption 
on synthetic and natural zeolites. 
Microporous and Mesoporous Materials. 



Biorefinery Concepts, Energy and Products

30

2010;134:100-107. DOI: 10.1016/j.
micromeso.2010.05.014

[50] Jiang Y, Yentekakis IV, Vayenas CG. 
Methane to ethylene with 85 percent 
yield in a gas recycle electrocatalytic 
reactor-separator. Science. 
1994;264:1563-1566. DOI: 10.1126/
science.264.5165.1563

[51] Vayenas CG, Yentekakis IV, Jiang Y. 
Method and apparatus for forming 
ethylene or ethane and ethylene from 
methane. PCT Patent; 1995. WO9520556 
(A1) - 1995-08-03

[52] Yentekakis IV, Jiang Y, Makri M, 
Vayenas CG. Ethylene production from 
methane in a gas recycle electrocatalytic 
reactor separator. Ionics. 1995;1:286-291. 
DOI: 10.1007/BF02390209

[53] Yentekakis IV, Makri M, Jiang Y,  
Vayenas CG. A novel gas-recycle 
reactor-separator for the oxidative 
coupling of methane. ACS division 
of Petroleum Chemistry Inc. 
1996;41:119-124

[54] Makri M, Jiang Y, Yentekakis IV, 
Vayenas CG. Oxidative coupling of 
methane to ethylene with 85% yield in a 
gas recycle electrocatalytic or catalytic 
reactor separator. Studies in Surface 
Science and Catalysis. 1996;101:287-395

[55] Keller GE, Bhasin MM. Synthesis 
of ethylene via oxidative coupling of 
methane. I. Determination of active 
catalysts. Journal of Catalysis.  
1982;73:9-19. DOI: 10.1016/0021-9517 
(82)90075-6

[56] Ito T, Lunsford JH. Synthesis of 
ethylene and ethane by partial oxidation 
of methane over lithium-doped 
magnesium oxide. Nature. 1985;314:721-
722. DOI: 10.1038/314721b0

[57] Lindkvist E, Johansson M, 
Rosenqvist J. Methodology for analysing 
energy demand in biogas production 
plants: A comparative study of two 

biogas plants. Energies. 2017;10(11): 
Article ID 1822. Available from: https://
www.mdpi.com/1996-1073/10/11/1822

[58] Berglund M, Börjesson P. 
Assessment of energy performance 
in the life-cycle of biogas 
production. Biomass and Bioenergy. 
2006;30:254-266

[59] Quadrelli EA, Centi G, Duplan J-L, 
Perathoner S. Carbon dioxide recycling: 
Emerging large-scale technologies with 
industrial potential. ChemSusChem. 
2011;4:1194-1215. DOI: 10.1002/
cssc.201100473

[60] Perathoner S, Centi G. CO2 
recycling: A key strategy to introduce 
green energy in the chemical production 
chain. ChemSusChem. 2014;7:1274-
1285. DOI: 10.1002/cssc.201300926

31

Chapter 3

Integrated Soybean Biorefinery
Fernando Luiz Pellegrini Pessoa, Hugo Villardi,  
Ewerton Emmanuel da Silva Calixto,  
Erika Durão Vieira, Ana Lucia Barbosa de Souza 
and Bruna Aparecida Souza Machado

Abstract

The concept of biorefinery is analogous to that of petroleum refineries, but it 
uses renewable raw materials. However, the main objective of the biorefinery is 
to transform renewable agricultural materials into numerous and different com-
mercially applicable products, allowing a viable economic competitiveness to 
traditional petrochemical refineries. In this chapter, we present a proposal for a bio-
refinery integrated from soybean as raw material, demonstrating its potential in this 
sector. In addition, special focus was given to the high value-added products present 
in the soybean oil deodorizer distillate (SODD), such as tocopherol, fatty acids, and 
squalene, which can be applied in the food, pharmacy, and cosmetic industries. In 
conclusion, the use of soybean raw material as a biomass in a biorefinery presents 
numerous environmental and economic advantages as high value-added products 
are formed. It is important to highlight that in this highly evolved integrated biore-
finery model, the additional benefits of operational and administrative synergies 
will emerge over time.
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1. Introduction

Due to the environmental concerns and the likely depletion of fossil fuel oil, 
the scientific community has been increasingly striving to seek raw materials from 
renewable sources to enable sustainable growth, thereby reducing dependence on 
oil. In this perspective, the concept of biorefinery is perfectly connected in this 
scenario, since its main objective is to transform renewable agricultural materials 
into numerous and different commercially applicable products, allowing a viable 
economic competitiveness to traditional petrochemical refineries [1, 2]. Biorefinery 
applications integrate several important areas of research, such as product and 
process engineering, biofuel generation, biotechnology, agronomy, agroecology, 
and environmental impact assessment, among others [3].

Soybean (Glycine L.) accounts for 60% of the world’s oilseed production, 
followed by cottonseed (Gossypium herbaceum L.), which accounts for 10% of the 
global production [4]. Global soybean production in 2016 was 324 million tons, 
a significant increase of 17% compared to 2013. The United States, Brazil, and 
Argentina are the largest soybean producers in the world, with a production that 
occupies more than 80% of the world production of this oilseed [5]. Brazil is the 
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1. Introduction

Due to the environmental concerns and the likely depletion of fossil fuel oil, 
the scientific community has been increasingly striving to seek raw materials from 
renewable sources to enable sustainable growth, thereby reducing dependence on 
oil. In this perspective, the concept of biorefinery is perfectly connected in this 
scenario, since its main objective is to transform renewable agricultural materials 
into numerous and different commercially applicable products, allowing a viable 
economic competitiveness to traditional petrochemical refineries [1, 2]. Biorefinery 
applications integrate several important areas of research, such as product and 
process engineering, biofuel generation, biotechnology, agronomy, agroecology, 
and environmental impact assessment, among others [3].

Soybean (Glycine L.) accounts for 60% of the world’s oilseed production, 
followed by cottonseed (Gossypium herbaceum L.), which accounts for 10% of the 
global production [4]. Global soybean production in 2016 was 324 million tons, 
a significant increase of 17% compared to 2013. The United States, Brazil, and 
Argentina are the largest soybean producers in the world, with a production that 
occupies more than 80% of the world production of this oilseed [5]. Brazil is the 
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country with the greatest potential for expansion of the cultivated area, being the 
largest producer and exporter of soybeans and their derivatives worldwide.

From the soybean processing, bran that is rich in protein is mainly used in 
animal feed, and oil, in addition to its application for the production of biodiesel, is 
also used for human consumption and product development (chemicals, food, and 
cosmetics). In general, 78–80% of the grain is transformed into bran, and 18–20% 
of the grain results in oil, the remainder being fibrous material from the low value-
added shell used as feed [6]. Soybean seeds contain on average 40% protein, 20% 
lipids, 34% carbohydrates (soluble and insoluble), and 4.9% ash. Among these 
large groups of biomolecules are important macro- and micronutrients and biologi-
cally active components such as isoflavones, tocopherols, saponins, phytosterols, as 
well as essential fatty acids, especially linoleic acid and linolenic acid [7].

Of the lipid fraction, most of the crude oil components are triglycerides (99%), 
and the remainder are phospholipids, unsaponifiable material, and free, saponifi-
able fatty acids. These non-saponifiable materials are extracted from the crude 
oil in the last purification step and in this fraction contain some high value-added 
products such as vitamin E (tocopherols) and terpenes, in particular squalene [8].

In this context, this chapter aims to present and discuss the application of 
soybean as a raw material for biorefinery, with a special focus on the exploitation of 
high value-added products present in the soybean oil deodorizer distillate (SODD), 
such as tocopherol, fatty acids, sterols, and squalene.

2. Biorefinery: concepts and potential of soybean application

The concept of biorefinery is analogous to that of petroleum refineries, but it 
uses renewable raw materials. In turn, the International Energy Agency defines that 
biorefining is the sustainable synergistic processing of biomass in different ingre-
dients applied to food and tradable feeds, chemicals, materials, and energy in the 
form of fuels and heat.

The industrial unit integrates equipment and processes of biomass conversion 
in the production of fuels, electricity, heat, and refined products. It is worth noting 
that the concept of biorefinery has been explored in recent years by numerous 
researches, since it has become the best option to transform different biomass 
systems into products that can be applied in different industrial sectors [9–11]. 
According to Navarro-Pineda et al. [12], a biorefinery can be defined as a unit that 
integrates equipment and processes to convert biomass into other high value-added 
products, including, for example, fuels and chemicals.

Different studies conceptualize biorefinery as a form analogous to petroleum 
refineries, which use fossil feedstocks to generate fuels and chemicals. According 
to Maity [13] just as petroleum refineries can obtain intermediary products for the 
generation of other products, biorefineries, regardless of the type of raw material 
used, also generate intermediate products to obtain numerous products. However, de 
Jong et al. [14] highlighted in their work some similarities and differences when they 
performed a comparative analysis between biorefineries and refineries. According 
to the authors, the main similarity is related to the quantity of intermediate products 
that both generate. However, the nature of the raw material is considered as the main 
difference which could significantly differentiate the concept of both, since the raw 
material used in refineries is a homogeneous material, while biomass, applied to the 
biorefineries, is an extremely complex and heterogeneous matrix.

Biorefinery systems have been considered as sustainable systems due primarily 
to the renewability of the biomass used in this process [15]. However, there are some 
controversies regarding the sustainability of some types of biorefinery systems, 
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since sustainability is not based exclusively on renewability or the environmental 
dimension, and therefore other economic issues must also be taken into account 
[15]. Recent studies also highlight the importance of conceptual and methodological 
developments for sustainable biorefineries. According to Azapagic [16], integrated 
biorefineries use various biofeedstocks to produce biofuels, energy (electricity and 
heat), and chemicals. In order to maintain sustainability, the main factor for the 
development of integrated biorefineries is the production of biofuels for transporta-
tion, with the coproducts helping to maximize the value of raw materials.

Based on this context, soy has enormous potential as a raw material for a 
biorefinery, proving to be ideal for the process. According to Abdulkhani et al. 
[5], compared to other conventionally used raw materials, soybean contains all 
the components necessary to make up a biorefinery unit. For example, from the 
transesterification reaction, the virgin oil extract can be used to produce biodiesel, 
while the residual soybean straw can be used to produce different products, such as 
biomaterials, biofuels, and biochemical.

Thus, soybean refining is composed of a set of processes that aim to transform 
crude oil into edible oil. The refining process aims to improve the appearance, odor, 
and flavor of the oil, which occurs with the removal of certain components of the 
crude oil. There are two types of refining, the chemical and the physical, and these 
definitions are related to the process for the removal of the fatty acids in the oil, 
which are considered as unwanted components.

In the chemical refining, saponification of the acids occurs through an alkaline 
solution, which dilutes the soaps generated in water for the later removal of the 
process by separators. In turn, the physical refining is characterized as a process that 
separates the acids using the difference of their volatility, in relation to the triglycer-
ide present in the oil.

The main steps involved in the refining process are degumming (hydration), 
neutralization (deacidification), bleaching (clarification), and deodorization [17]. 
Figure 1 shows a simplified scheme for the extraction and refining of soybean oil.

The removal of traces of components responsible for undesirable odors and 
flavors occurs in the stage called deodorization. The operation takes place in a 
stripper, where the steam (1–3%) is injected into the soybean oil under low pressure 
(1–6 mmHg) and sufficient temperature to vaporize the fatty acids and the odorif-
erous compounds and to remove them from the oil. The deodorization temperature 
is variable because it directly affects the vapor pressure of the volatile constituents 
to be removed and thus directly affects the removal rate of these components [18].

It should be noted that the SODD contains products of high value-added that 
have uses in various sectors of the food, pharmaceutical, and cosmetic industries, 
for example. According to Lee et al. [19], this residue concentrates tocopherols 
and tocotrienols that present great value added, since it has antioxidant activity 
as vitamin E.

Figure 1. 
Simplified flowchart for refining soybean oil.
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country with the greatest potential for expansion of the cultivated area, being the 
largest producer and exporter of soybeans and their derivatives worldwide.

From the soybean processing, bran that is rich in protein is mainly used in 
animal feed, and oil, in addition to its application for the production of biodiesel, is 
also used for human consumption and product development (chemicals, food, and 
cosmetics). In general, 78–80% of the grain is transformed into bran, and 18–20% 
of the grain results in oil, the remainder being fibrous material from the low value-
added shell used as feed [6]. Soybean seeds contain on average 40% protein, 20% 
lipids, 34% carbohydrates (soluble and insoluble), and 4.9% ash. Among these 
large groups of biomolecules are important macro- and micronutrients and biologi-
cally active components such as isoflavones, tocopherols, saponins, phytosterols, as 
well as essential fatty acids, especially linoleic acid and linolenic acid [7].

Of the lipid fraction, most of the crude oil components are triglycerides (99%), 
and the remainder are phospholipids, unsaponifiable material, and free, saponifi-
able fatty acids. These non-saponifiable materials are extracted from the crude 
oil in the last purification step and in this fraction contain some high value-added 
products such as vitamin E (tocopherols) and terpenes, in particular squalene [8].

In this context, this chapter aims to present and discuss the application of 
soybean as a raw material for biorefinery, with a special focus on the exploitation of 
high value-added products present in the soybean oil deodorizer distillate (SODD), 
such as tocopherol, fatty acids, sterols, and squalene.

2. Biorefinery: concepts and potential of soybean application

The concept of biorefinery is analogous to that of petroleum refineries, but it 
uses renewable raw materials. In turn, the International Energy Agency defines that 
biorefining is the sustainable synergistic processing of biomass in different ingre-
dients applied to food and tradable feeds, chemicals, materials, and energy in the 
form of fuels and heat.

The industrial unit integrates equipment and processes of biomass conversion 
in the production of fuels, electricity, heat, and refined products. It is worth noting 
that the concept of biorefinery has been explored in recent years by numerous 
researches, since it has become the best option to transform different biomass 
systems into products that can be applied in different industrial sectors [9–11]. 
According to Navarro-Pineda et al. [12], a biorefinery can be defined as a unit that 
integrates equipment and processes to convert biomass into other high value-added 
products, including, for example, fuels and chemicals.

Different studies conceptualize biorefinery as a form analogous to petroleum 
refineries, which use fossil feedstocks to generate fuels and chemicals. According 
to Maity [13] just as petroleum refineries can obtain intermediary products for the 
generation of other products, biorefineries, regardless of the type of raw material 
used, also generate intermediate products to obtain numerous products. However, de 
Jong et al. [14] highlighted in their work some similarities and differences when they 
performed a comparative analysis between biorefineries and refineries. According 
to the authors, the main similarity is related to the quantity of intermediate products 
that both generate. However, the nature of the raw material is considered as the main 
difference which could significantly differentiate the concept of both, since the raw 
material used in refineries is a homogeneous material, while biomass, applied to the 
biorefineries, is an extremely complex and heterogeneous matrix.

Biorefinery systems have been considered as sustainable systems due primarily 
to the renewability of the biomass used in this process [15]. However, there are some 
controversies regarding the sustainability of some types of biorefinery systems, 

33

Integrated Soybean Biorefinery
DOI: http://dx.doi.org/10.5772/intechopen.88111

since sustainability is not based exclusively on renewability or the environmental 
dimension, and therefore other economic issues must also be taken into account 
[15]. Recent studies also highlight the importance of conceptual and methodological 
developments for sustainable biorefineries. According to Azapagic [16], integrated 
biorefineries use various biofeedstocks to produce biofuels, energy (electricity and 
heat), and chemicals. In order to maintain sustainability, the main factor for the 
development of integrated biorefineries is the production of biofuels for transporta-
tion, with the coproducts helping to maximize the value of raw materials.

Based on this context, soy has enormous potential as a raw material for a 
biorefinery, proving to be ideal for the process. According to Abdulkhani et al. 
[5], compared to other conventionally used raw materials, soybean contains all 
the components necessary to make up a biorefinery unit. For example, from the 
transesterification reaction, the virgin oil extract can be used to produce biodiesel, 
while the residual soybean straw can be used to produce different products, such as 
biomaterials, biofuels, and biochemical.

Thus, soybean refining is composed of a set of processes that aim to transform 
crude oil into edible oil. The refining process aims to improve the appearance, odor, 
and flavor of the oil, which occurs with the removal of certain components of the 
crude oil. There are two types of refining, the chemical and the physical, and these 
definitions are related to the process for the removal of the fatty acids in the oil, 
which are considered as unwanted components.

In the chemical refining, saponification of the acids occurs through an alkaline 
solution, which dilutes the soaps generated in water for the later removal of the 
process by separators. In turn, the physical refining is characterized as a process that 
separates the acids using the difference of their volatility, in relation to the triglycer-
ide present in the oil.

The main steps involved in the refining process are degumming (hydration), 
neutralization (deacidification), bleaching (clarification), and deodorization [17]. 
Figure 1 shows a simplified scheme for the extraction and refining of soybean oil.

The removal of traces of components responsible for undesirable odors and 
flavors occurs in the stage called deodorization. The operation takes place in a 
stripper, where the steam (1–3%) is injected into the soybean oil under low pressure 
(1–6 mmHg) and sufficient temperature to vaporize the fatty acids and the odorif-
erous compounds and to remove them from the oil. The deodorization temperature 
is variable because it directly affects the vapor pressure of the volatile constituents 
to be removed and thus directly affects the removal rate of these components [18].

It should be noted that the SODD contains products of high value-added that 
have uses in various sectors of the food, pharmaceutical, and cosmetic industries, 
for example. According to Lee et al. [19], this residue concentrates tocopherols 
and tocotrienols that present great value added, since it has antioxidant activity 
as vitamin E.

Figure 1. 
Simplified flowchart for refining soybean oil.
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In the recent study by Jones et al. [20], it was argued that biorefinery is an ideal 
strategy for the sustainable use of biomass on a large scale in the bioeconomy, 
resulting in an important competitive co-production of food and feed, for example, 
and with the production of bio-based products and bioenergy with great socioeco-
nomic and environmental benefits. In addition, to ensure adequate sustainability, 
the appropriate location of industrial plants is particularly important to contribute 
to economic, social, and sustainable objectives, so it should not be done super-
ficially [21]. Table 1 presents some works that use, discuss, or propose different 
raw materials for the development of a sustainable biorefinery. Some conversion 

Material and 
biorefinery

Target Comments Reference

Hemicellulose based 
integrated forest 
biorefineries

Specially chemical, 
biomaterials, commodity 
bioproducts, biofuels and 
sugars

Use of a prehydrolysis method that 
produces a recoverable hemicelluloses 
sugars stream
Kraft, pulp mill, dissolving pulp mill

[23]

Enzyme biorefinery 
platform

Bioethanol production 
using enzyme and the 
biochemical platform

Development in fermentation and 
culturing technique to improve enzyme 
production and the pretreated solid 
after of hydrothermal process as the 
inducer in the enzyme production for 
advances in biofuels

[24]

Microalgal biorefinery Convert CO2 in chemicals 
for biofuels, food, feed, 
and high-value products
Obtain proteins, 
lipids, pigments and 
carbohydrates

Separate operation units: laboratory-scale 
research, culture, and downstream 
processing
The fractionation of microalgal 
components (downstream processing), 
remains the most expensive step

[25]

Biorefinery based on 
Theobroma grandiflorum 
(copoazu) fruit

Pasteurized pulp, 
antioxidant extract, 
biofertilizer, biogas, 
oil seed, essential 
oil, ethanol, and 
polyhydroxybutyrate 
(PHB)

A biorefinery based on copoazu could be 
considered as an opportunity to promote 
rural development with the participation 
of small-scale producers as feedstock 
suppliers

[26]

Biorefinery for avocado 
(Persea americana mill.)

Microencapsulated 
phenolic compounds 
extract, ethanol, oil and 
xylitol

Attractive opportunity for an integrated 
processing of the fruit into a series of 
valuable products, using the pulp, peel 
and the seed of the fruit

[27]

Integrated sunflower-
based biorefinery

Production of 
antioxidants, 
protein isolate and 
poly(3-hydroxybutyrate)

Integration of the proposed processing 
scheme in a sunflower-based biodiesel 
plant could lead to the development of a 
sustainable biorefinery

[28]

Biorefinery with 
different mixtures of 
forestry, olive and grape 
pruning, sunflower 
waste and sawdust

Ethanol, dimethylether 
(DME), synthesis gas and 
electricity

Possibility of obtaining 42,700 T y−1 of 
ethanol with a purity of 96%, which 
supposes a 16.5% of the Spanish national 
production in 2016, and 137,850 T y−1 of 
DME, with a purity of 99.99%

[29]

Biorefinery process of 
corn cob bagasse

Polyoses, acetone–
butanol–ethanol, 
polysaccharides and lipid

Approximate 87.7% of the 
polysaccharides were converted into 
valuable biobased products (∼175.7 g/kg 
of acetone–butanol–ethanol  along with 
36.6 g/kg of lipid)

[30]

Table 1. 
Publications that use, discuss, or propose different raw materials for the development of a biorefinery.
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technologies are consolidated at a commercial scale, but others are still under 
development or study [22]. In the study by de Jong et al. [14], the advantages and 
opportunities for different types of biorefineries were discussed, as well as some 
disadvantages and threats to their implementation and sustainability, and analyzed 
in a comparative way with petrochemical refineries.

2.1 Main components of SODD

As previously discussed, SODD is a by-product of the soybean oil refining pro-
cess, being considered as a complex mixture of compounds such as free fatty acids, 
hydrocarbons, and sterols, such as tocopherols, a class of large natural antioxidants 
with vitamin E activity [31]. For example, SODD has been studied as a great alter-
native to marine animals as natural source of squalene (from shark) and as a raw 
material for the production of fatty acids, tocopherols, and phytosterols [32]. In this 
section we present the main compounds in SODD with the objective of showing the 
potential of soybean for the development of an integrated biorefinery.

2.1.1 Tocopherol

Tocopherols are the most widely distributed antioxidants in nature, being pres-
ent in the form of four homologous isomers (α, β, γ, and δ) and because they have 
activity as vitamin E are widely used as antioxidants and food additives. In turn, a 
vitamin is defined as an organic compound that is essential for exerting different 
normal physiological functions of the organism, being necessary in small quantities 
[33]. Thus, vitamin E, and more specifically the α-tocopherol isomer, is widely used 
by industry mainly because of its antioxidant properties, which are attributed to 
numerous beneficial effects on human health [34].

Based on the Brazilian production, an estimate shows that the range of tocoph-
erol available for commercialization is 7–12% of tocopherol in SODD. Considering 
the production of refined oil in 2016, according to the Brazilian Association of 
Vegetable Oil Industries [35], 7.9 million tons were produced, since deodorized 
distillate is equivalent to approximately 0.1% of all refined oil produced, and it can 
be concluded that there is an amount of tocopherols available from the SODD of 
490–840 t, as reported by Araújo et al. [36].

2.1.2 Fatty acids

Other components of great interest in SODD are fatty acids. According to Barros 
et al. [37], acids present in oils are constituted, on average, by carboxylic acids 
containing 4–30 carbon atoms, and the use of these for the production of biofuel 
becomes advantageous, as it is shown as a potential substitute to refined oils for the 
production of biofuel, since these have competition from the food industry.

The distillate obtained in the deodorization of soybean oil has a composition 
dependent on the type of refining provides a SODD with less fatty acids (40–50%) 
due to the saponification used in the process, of the acids, produces a more acid 
by-product (70–80% of fatty acids) [38].

2.1.3 Squalene

Squalene is an important bioactive compound concentrated in intermediate 
by-products and waste streams during the refinement of soybean oil [39]. Squalene 
is defined as a natural dehydrotriterpenic hydrocarbon formed by six double bonds 
(C30H50) and diffused in the animal and plant kingdom [40]. Squalene is widely 
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In the recent study by Jones et al. [20], it was argued that biorefinery is an ideal 
strategy for the sustainable use of biomass on a large scale in the bioeconomy, 
resulting in an important competitive co-production of food and feed, for example, 
and with the production of bio-based products and bioenergy with great socioeco-
nomic and environmental benefits. In addition, to ensure adequate sustainability, 
the appropriate location of industrial plants is particularly important to contribute 
to economic, social, and sustainable objectives, so it should not be done super-
ficially [21]. Table 1 presents some works that use, discuss, or propose different 
raw materials for the development of a sustainable biorefinery. Some conversion 

Material and 
biorefinery

Target Comments Reference
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biorefineries

Specially chemical, 
biomaterials, commodity 
bioproducts, biofuels and 
sugars

Use of a prehydrolysis method that 
produces a recoverable hemicelluloses 
sugars stream
Kraft, pulp mill, dissolving pulp mill

[23]

Enzyme biorefinery 
platform

Bioethanol production 
using enzyme and the 
biochemical platform

Development in fermentation and 
culturing technique to improve enzyme 
production and the pretreated solid 
after of hydrothermal process as the 
inducer in the enzyme production for 
advances in biofuels

[24]

Microalgal biorefinery Convert CO2 in chemicals 
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and high-value products
Obtain proteins, 
lipids, pigments and 
carbohydrates

Separate operation units: laboratory-scale 
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processing
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components (downstream processing), 
remains the most expensive step

[25]
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suppliers

[26]

Biorefinery for avocado 
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[27]
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[28]
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different mixtures of 
forestry, olive and grape 
pruning, sunflower 
waste and sawdust
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(DME), synthesis gas and 
electricity

Possibility of obtaining 42,700 T y−1 of 
ethanol with a purity of 96%, which 
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production in 2016, and 137,850 T y−1 of 
DME, with a purity of 99.99%

[29]

Biorefinery process of 
corn cob bagasse

Polyoses, acetone–
butanol–ethanol, 
polysaccharides and lipid

Approximate 87.7% of the 
polysaccharides were converted into 
valuable biobased products (∼175.7 g/kg 
of acetone–butanol–ethanol  along with 
36.6 g/kg of lipid)

[30]

Table 1. 
Publications that use, discuss, or propose different raw materials for the development of a biorefinery.
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becomes advantageous, as it is shown as a potential substitute to refined oils for the 
production of biofuel, since these have competition from the food industry.

The distillate obtained in the deodorization of soybean oil has a composition 
dependent on the type of refining provides a SODD with less fatty acids (40–50%) 
due to the saponification used in the process, of the acids, produces a more acid 
by-product (70–80% of fatty acids) [38].
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Squalene is an important bioactive compound concentrated in intermediate 
by-products and waste streams during the refinement of soybean oil [39]. Squalene 
is defined as a natural dehydrotriterpenic hydrocarbon formed by six double bonds 
(C30H50) and diffused in the animal and plant kingdom [40]. Squalene is widely 
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applied in the preparation of cosmetics as a natural moisturizer and in cholesterol 
biosynthesis [32, 41] as well as used for the development of stable emulsions for 
vaccine adjuvants [42, 43], mainly due to their safety recognized by the World 
Health Organization [44] . For commercial purposes, it is mainly obtained from 
liver oil from some deep-sea sharks.

SODD and sunflower oil deodorization distillate are by-products most appreci-
ated for the high quality of squalene [45]. Bondioli et al. [46] recovered squalene 
in high purity (90%) and with excellent yield (about 91%) from olive oil deodor-
ization distillate, whereas Gunawan et al. [47] obtained squalene with almost 
96% purity and 93% recovery in the second fraction of the process using SODD, 
demonstrating the potential of this by-product to obtain squalene. An Indian patent 
also describes the use of SODD for obtaining high-purity squalene for application in 
cosmetics and medicaments, for example [48].

2.2 The soybean biorefinery

The usage of oil for the fuel synthesis is based on the transformation of tri-
glycerides in esters. The most common way to synthesize those substances is by 
the transesterification of the refined oil. Although the regular transesterification 
process provides high conversion rates and have a relatively operational simplicity, 
some problems comes along, such as (1) low energetic and production efficiency; 
(2) need to adjust the raw material; (3) the use of high toxicity intermediate 
products; (4) generation of a significant by-product volume (glycerol) with a level 
of contamination that requires high investments to its use or discharge; (5) the use 
of methanol which, besides toxic, needs fossil fuels, as raw material, to be produced 
in the form of energy; (6) difficulty in recycling the catalyst; (7) need to remove the 
glycerol from biodiesel; and (8) high environmental impact associated.

The sector must deal with those barriers and other operational issues, e.g., soy 
price and physical properties which turn the production less attractive. Therefore, 
governments are obliged to subsidize the biofuel production, since they are pres-
sured to meet oil demand provided by law.

For this reason, the biodiesel production feasibility is only possible due to 
governments’ incentives such as tax relief and the market guarantee, as well as its 
appeal, under the label of “green product,” to the final consumer.

In this regard, the biorefinery concept fits perfectly, because in addition to using 
residual raw materials, it manages to generate value-added products, which help the 
lucrative process. However, waste oils demand different technologies than the usual 
ones, and in this case, one of the solutions for technically and economically viable 
biodiesel production is the use of processes that use solvents under supercritical and 
subcritical conditions. Thus, one of the steps of a biorefinery would be the produc-
tion of esters and glycerin with low level of contaminants.

The limitations have encouraged many studies to synthesize green fuels 
that overcome the shortcomings of their predecessors. These have been called 
second-generation biofuels [49]. Another factor is the generation of glycerin as a 
by- product. This presents an increase in the costs of the process, as it is not easily 
treated for use as raw material and so cannot be discarded. The synthesis of propyl-
ene from glycerin does not demand as high a purity as is required for the cosmetics 
area and has a wide market [50]. Thus, the evaluation of a methodology that uses 
residual sources and generates esters and glycerin without catalysts presents a high 
socioeconomic potential.

The objective is the esterification of residual raw materials in super- and 
subcritical environments to obtain esters and glycerin for the synthesis of propene 
and polymers.
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The second integrated process is the extraction of high value-added waste 
products from the refining of vegetable oils. Using SODD, which has significant 
amounts of free fatty acids (potential source to produce esters), tocopherols (widely 
used in the cosmetics industry), and sterols (used in the formulation of vitamin 
supplements in the cosmetics industry), biorefinery is a great generator of high 
value-added products.

A process which separates the products efficiently and with high purity will 
provide raw material for the synthesis of esters and quality raw material for the 
cosmetic and medicinal sectors. The separation with supercritical fluid (CO2) 
allows to obtain products without the contamination of solvents, thus allowing a 
commercialization of the same with greater purity. The fatty acids obtained are 
used for the synthesis of esters in a subcritical environment and contemplate the 
third part of the biorefinery.

Due to the composition of the oils, a supercritical environment would be required 
to promote triglyceride/alcohol contact and hence esterification. This concept arose 
from the need of sources with high triglyceride content, since these substances and 
alcohols are not miscible, and under the conditions evaluated, the whole reaction 
medium would be in a single phase, favoring the reaction. However, fatty acid-rich 
materials, such as deodorization distillates and the residual frying oils, are soluble in 
alcohols; thus, milder conditions were enough for the synthesis of esters [51–53].

According to Villardi et al. [54], the subcritical environment is excellent for the 
synthesis without catalyst using SODD. The authors report excellent conversions 
with methanol at 200°C and alcohol/SODD ratio of 10–105 minutes (99.5%). When 
ethanol was used, the conversion reduced by 12.4% under the same conditions, 
showing that the acidic character of the alcohol directly influences the results. 
The work further compared the results with the synthesis using acid catalysts and 
concluded that catalyst with less synthesis is as efficient as acid to produce esters 
through acid sources.

In addition, if the fuel market is not attractive, the esters can be burned as fuel 
because of the calorific value of the esters. They are also applied as drilling fluid, for 
example, if it undergoes treatments that comply with the legislation specific to such use.

2.2.1 The flow sheet

This topic presents a short overview of the biorefinery concept to a soybean 
crushing and refining facility and presents some applications for most of the residues 
produced during the process. The energetic requirements and the number of resi-
dues generated during soy protein concentrate (SPC) and soy protein isolate (SPI) 
processes were obtained by simulations. This study reinforced the idea to direct the 
straw and hulls to fulfill the energetic demand of the crushing, refining, and bio-
diesel production facilities and to provide electricity to the rest of the process.

The main residues produced by the refining process are gums, soap stock, spent 
bleaching earth (SBE), and deodorizer distillate product. Lecithin can be obtained 
from gum residues. Biodiesel can be produced from soap stock and spent bleaching 
earth. Concentrated tocopherols are obtained from deodorizer distillate, and the 
electrical energy is produced from soybean molasses generated during the concen-
tration of proteins from soybean meal.

Figure 2 illustrates the major steps of a soybean crushing and refining facility, as 
well as the main products and the residues generated.

After the hull and straw removal, the soybean flakes are sent to the soybean 
oil extraction. In this step, the most common method used to extract is the direct 
solvent extraction with hexane as solvent. It consists of three basic steps: the seeds’ 
preparation, oil extraction, and oil/meal desolventizing.



Biorefinery Concepts, Energy and Products

36

applied in the preparation of cosmetics as a natural moisturizer and in cholesterol 
biosynthesis [32, 41] as well as used for the development of stable emulsions for 
vaccine adjuvants [42, 43], mainly due to their safety recognized by the World 
Health Organization [44] . For commercial purposes, it is mainly obtained from 
liver oil from some deep-sea sharks.

SODD and sunflower oil deodorization distillate are by-products most appreci-
ated for the high quality of squalene [45]. Bondioli et al. [46] recovered squalene 
in high purity (90%) and with excellent yield (about 91%) from olive oil deodor-
ization distillate, whereas Gunawan et al. [47] obtained squalene with almost 
96% purity and 93% recovery in the second fraction of the process using SODD, 
demonstrating the potential of this by-product to obtain squalene. An Indian patent 
also describes the use of SODD for obtaining high-purity squalene for application in 
cosmetics and medicaments, for example [48].

2.2 The soybean biorefinery

The usage of oil for the fuel synthesis is based on the transformation of tri-
glycerides in esters. The most common way to synthesize those substances is by 
the transesterification of the refined oil. Although the regular transesterification 
process provides high conversion rates and have a relatively operational simplicity, 
some problems comes along, such as (1) low energetic and production efficiency; 
(2) need to adjust the raw material; (3) the use of high toxicity intermediate 
products; (4) generation of a significant by-product volume (glycerol) with a level 
of contamination that requires high investments to its use or discharge; (5) the use 
of methanol which, besides toxic, needs fossil fuels, as raw material, to be produced 
in the form of energy; (6) difficulty in recycling the catalyst; (7) need to remove the 
glycerol from biodiesel; and (8) high environmental impact associated.

The sector must deal with those barriers and other operational issues, e.g., soy 
price and physical properties which turn the production less attractive. Therefore, 
governments are obliged to subsidize the biofuel production, since they are pres-
sured to meet oil demand provided by law.

For this reason, the biodiesel production feasibility is only possible due to 
governments’ incentives such as tax relief and the market guarantee, as well as its 
appeal, under the label of “green product,” to the final consumer.

In this regard, the biorefinery concept fits perfectly, because in addition to using 
residual raw materials, it manages to generate value-added products, which help the 
lucrative process. However, waste oils demand different technologies than the usual 
ones, and in this case, one of the solutions for technically and economically viable 
biodiesel production is the use of processes that use solvents under supercritical and 
subcritical conditions. Thus, one of the steps of a biorefinery would be the produc-
tion of esters and glycerin with low level of contaminants.

The limitations have encouraged many studies to synthesize green fuels 
that overcome the shortcomings of their predecessors. These have been called 
second-generation biofuels [49]. Another factor is the generation of glycerin as a 
by- product. This presents an increase in the costs of the process, as it is not easily 
treated for use as raw material and so cannot be discarded. The synthesis of propyl-
ene from glycerin does not demand as high a purity as is required for the cosmetics 
area and has a wide market [50]. Thus, the evaluation of a methodology that uses 
residual sources and generates esters and glycerin without catalysts presents a high 
socioeconomic potential.

The objective is the esterification of residual raw materials in super- and 
subcritical environments to obtain esters and glycerin for the synthesis of propene 
and polymers.

37

Integrated Soybean Biorefinery
DOI: http://dx.doi.org/10.5772/intechopen.88111

The second integrated process is the extraction of high value-added waste 
products from the refining of vegetable oils. Using SODD, which has significant 
amounts of free fatty acids (potential source to produce esters), tocopherols (widely 
used in the cosmetics industry), and sterols (used in the formulation of vitamin 
supplements in the cosmetics industry), biorefinery is a great generator of high 
value-added products.

A process which separates the products efficiently and with high purity will 
provide raw material for the synthesis of esters and quality raw material for the 
cosmetic and medicinal sectors. The separation with supercritical fluid (CO2) 
allows to obtain products without the contamination of solvents, thus allowing a 
commercialization of the same with greater purity. The fatty acids obtained are 
used for the synthesis of esters in a subcritical environment and contemplate the 
third part of the biorefinery.

Due to the composition of the oils, a supercritical environment would be required 
to promote triglyceride/alcohol contact and hence esterification. This concept arose 
from the need of sources with high triglyceride content, since these substances and 
alcohols are not miscible, and under the conditions evaluated, the whole reaction 
medium would be in a single phase, favoring the reaction. However, fatty acid-rich 
materials, such as deodorization distillates and the residual frying oils, are soluble in 
alcohols; thus, milder conditions were enough for the synthesis of esters [51–53].

According to Villardi et al. [54], the subcritical environment is excellent for the 
synthesis without catalyst using SODD. The authors report excellent conversions 
with methanol at 200°C and alcohol/SODD ratio of 10–105 minutes (99.5%). When 
ethanol was used, the conversion reduced by 12.4% under the same conditions, 
showing that the acidic character of the alcohol directly influences the results. 
The work further compared the results with the synthesis using acid catalysts and 
concluded that catalyst with less synthesis is as efficient as acid to produce esters 
through acid sources.

In addition, if the fuel market is not attractive, the esters can be burned as fuel 
because of the calorific value of the esters. They are also applied as drilling fluid, for 
example, if it undergoes treatments that comply with the legislation specific to such use.

2.2.1 The flow sheet

This topic presents a short overview of the biorefinery concept to a soybean 
crushing and refining facility and presents some applications for most of the residues 
produced during the process. The energetic requirements and the number of resi-
dues generated during soy protein concentrate (SPC) and soy protein isolate (SPI) 
processes were obtained by simulations. This study reinforced the idea to direct the 
straw and hulls to fulfill the energetic demand of the crushing, refining, and bio-
diesel production facilities and to provide electricity to the rest of the process.

The main residues produced by the refining process are gums, soap stock, spent 
bleaching earth (SBE), and deodorizer distillate product. Lecithin can be obtained 
from gum residues. Biodiesel can be produced from soap stock and spent bleaching 
earth. Concentrated tocopherols are obtained from deodorizer distillate, and the 
electrical energy is produced from soybean molasses generated during the concen-
tration of proteins from soybean meal.

Figure 2 illustrates the major steps of a soybean crushing and refining facility, as 
well as the main products and the residues generated.

After the hull and straw removal, the soybean flakes are sent to the soybean 
oil extraction. In this step, the most common method used to extract is the direct 
solvent extraction with hexane as solvent. It consists of three basic steps: the seeds’ 
preparation, oil extraction, and oil/meal desolventizing.
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The next main step is the chemical refining of the soybean oil which aims to 
remove the unwanted oil components with minimal effect on triacylglycerols and 
minimal loss of the desirable components.

After the oil extraction present in the soybean meal, the protein content in 
the meal becomes even more concentrated, and for an achieved concentration of 
65–72% dmb, it can be sold as soy protein concentrate. Using a different process, the 
meal can achieve 90–92% dmb and be sold as soy protein isolate.

The residues produced along the soybean refining process have commercial 
value or can be used as a source of energy for the plant itself. One of these residues 
is the straw.

Every year around 220 million tons of soybeans and an equivalent amount of 
straw are produced globally [55]. The straw is composed of stem, leaf, and pod 
husk, varying its global composition. Another residue is the hull, which is part of 
the seed that has the highest carbohydrate concentration. It consists of 86% car-
bohydrates, 9% proteins, 1% lipids, and 1% ash (w/w dry basis). The hull occupies 
around 8% of the seed [56].

Figure 2. 
Overview of the main steps and residues in a soybean biorefinery.
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Another kind of residue present in the soybean crude oil is the gum. The process 
to remove it is called degumming process. It aims to remove phospholipids from 
crude soybean oil, in order to improve its physical stability and facilitate further 
refining. Without this process, phospholipids can lead to dark-colored oils and act 
as precursors to off-flavor compounds [55]. The processed phosphatides present in 
vegetable oil are also known as lecithin. This substance is widely used in the cos-
metic, food, and pharmaceutical industries because of its large amount of surfac-
tant and bioactive properties.

The degummed oil is sent to a process to neutralize the crude oil during the 
refining process. This process produces a residue called soap stock. It has around 
6% of the initial value of the crude oil volume feed used in the refining with 
around 35% of total fatty acids. Soap stock is basically formed by water, free 
fatty acids, neutral oil, phospholipids, unsaponifiable matter, proteins, and 
mucilaginous substances. It can be used to produce biosurfactants and rhamno-
lipids with a yield of 75% [57]. However, research has concentrated its efforts to 
take advantage of the high free fatty acid content of the soap stock for biodiesel 
production.

The neutralized oil goes to the bleaching process to remove residual soaps, 
phosphatides, and oxidizing bodies, breaking down peroxides into lower molecular 
weight carbonyl compounds, to facilitate their removal during deodorization 
operations. The residue generated by the bleaching process is called spent bleaching 
earth. The oil recovered from SBE is used to produce coating systems that demand 
good mechanical properties and mild chemical resistance.

The bleached oil is sent to a deodorizing process. The residue of this step is 
known as SODD. It aims to remove aldehydes, ketones, and some volatile substances 
that affect the refined oil flavor and odor, such as fatty acids, tocopherols (also 
known as vitamin E), sterols, and squalene.

The usage of most of the soybean meal is for animal feed, human diet, and 
industrial purposes [56]. It is due to not only its high protein content but also for its 
nutritional quality. Soy proteins are widely used as functional ingredients in food 
systems. They can also be hydrolyzed by acids, alkalis, or enzymes. The effects of 
hydrolyzed proteins have been tested for human use in sports’ nutrition, malnutri-
tion, postsurgical recovery, burn recovery, gastric repair, muscle damage recovery, 
infant formulas, and allergic individuals [55]. The possible uses of soy proteins in 
industry include the production of adhesives, plastics, and textile fibers.

Another kind of residue is the soybean molasses. It is a residue of the protein 
concentration present in defatted soybean flakes using aqueous alcohol extraction. 
Its composition may vary depending on the soybean variety, growing conditions, 
location, and year. However, the main components of soybean molasses are carbo-
hydrates and smaller amounts of monosaccharides. Soybean molasses also contain 
proteins, lipids, minerals, and phytochemicals (plant compounds that might affect 
human health), such as isoflavones and saponins [55].

The last process is the manufacturing of the soybean protein. It generates two 
residues with exploiting potential: (1) the okara (also known as spent flakes or 
cotyledon fiber) and (2) a liquid fraction called whey. These are also the names of 
the residues from soy milk and tofu production. The soy soluble polysaccharides 
also refer to all soluble saccharides present in the whole soybean.

The process showed in Figure 2 can be integrated with a cogeneration system to 
provide electricity to the rest of the refinery. The other routes to produce glycerol 
and biodiesel from all the residues generated are also illustrated in Figure 3. It is 
possible to have a broader view of production of transportation fuels, bioenergy, 
and high value-added products.
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infant formulas, and allergic individuals [55]. The possible uses of soy proteins in 
industry include the production of adhesives, plastics, and textile fibers.

Another kind of residue is the soybean molasses. It is a residue of the protein 
concentration present in defatted soybean flakes using aqueous alcohol extraction. 
Its composition may vary depending on the soybean variety, growing conditions, 
location, and year. However, the main components of soybean molasses are carbo-
hydrates and smaller amounts of monosaccharides. Soybean molasses also contain 
proteins, lipids, minerals, and phytochemicals (plant compounds that might affect 
human health), such as isoflavones and saponins [55].

The last process is the manufacturing of the soybean protein. It generates two 
residues with exploiting potential: (1) the okara (also known as spent flakes or 
cotyledon fiber) and (2) a liquid fraction called whey. These are also the names of 
the residues from soy milk and tofu production. The soy soluble polysaccharides 
also refer to all soluble saccharides present in the whole soybean.

The process showed in Figure 2 can be integrated with a cogeneration system to 
provide electricity to the rest of the refinery. The other routes to produce glycerol 
and biodiesel from all the residues generated are also illustrated in Figure 3. It is 
possible to have a broader view of production of transportation fuels, bioenergy, 
and high value-added products.
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There are different studies and proposals of integrated biorefineries in the lit-
erature, as discussed by Oliveira [58]. For example, Forster-Carneiro [59] analyzed 
integrated biorefineries that use agro-industrial residues in Brazil, and the results 
indicated that the sugarcane has the highest agronomic availability, followed by soy-
beans. In this work we have been able to demonstrate an approach in relation to the 
SODD generated and the obtaining of high value-added products when discussing 
an integrated biorefinery for soybeans, relating, for example, the inherent complex-
ity of its structure.

3. Conclusions

As discussed in this chapter, due to the environmental problems of recent 
times, numerous research efforts for the development of new raw and sustain-
able resources for the production of food, materials, and energy have been 
addressed in different studies. With the technological advance and increased 
investments in this area, many biorefineries are already in operation to mini-
mize the problems caused by traditional refineries. Based on this context, we 
highlighted the importance and potential of soybeans through an integrated 
biorefinery concept.

In addition, we demonstrated that the use of soybean raw material as a 
biomass in a biorefinery presents numerous environmental and economic 
advantages as high value-added products are formed. These products can be 
applied in different sectors of the chemical, pharmaceutical, cosmetic, and food 
industries, thus contributing to the use of the products generated. It is impor-
tant to note that in this highly evolved integrated biorefinery model, the added 
benefits of operational and administrative synergies will emerge over time. The 
implementation of integrated biorefinery of soybeans, specifically in Brazil, is 
very interesting considering the country’s expertise regarding biofuel technology 
already applied to soybeans.

Figure 3. 
The integrated biorefinery concept.
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Abstract

The synthesis of aroma compounds that are utilized as precursors of multiple 
synthesis chains in the pharmaceutical industries and as ingredients in food and 
fragrance industries can be carried out using chemical processes, enzyme bioca-
talysis and whole cell biotransformation. Whole cell biotransformation has the 
potential of being more environmentally benign than chemical synthesis and more 
cost-effective as compared to enzyme catalysis. In a recently published study by the 
authors, the aroma compound Ethyl(3)hydroxybutyrate was produced by whole 
cell biotransformation under aerobic and anaerobic conditions. The yield of the 
anaerobic processes was similar to that of the aerobic processes, but additionally 
generated CO2 and ethanol as useful by-products. In this chapter we illustrate how 
the production process of Ethyl(3)hydroxybutyrate by whole cell biotransformation 
can be integrated into a novel biorefinery concept, based on the finding that the 
production of Ethyl(3)hydroxybutyrate under anaerobic conditions is efficient and 
environmentally friendly. CO2 may be converted to bio-methane together with H2 
produced from excess regenerative power. A life cycle assessment confirmed that 
the anaerobic whole cell biotransformation process embedded into a biorefinery 
concept including bio-methane production has a lower environmental impact as 
compared to a concept based on the aerobic whole cell biotransformation.

Keywords: biorefinery, ethyl(3)hydroxybutyrate, Saccharomyces cerevisiae,  
whole cell biotransformation, aerobic, anaerobic

1. Introduction

Production of flavors and aroma compounds is a highly complex process with 
increasing demand. In their review, Carlquist et al. [1] showed that aroma com-
pounds have a reasonable economic impact with a world market of $24 billion in 
2013. Principally, there are three different ways to produce flavors and aroma com-
pounds, namely, chemical synthesis, cell-free biocatalysis, and whole cell biotrans-
formation. Chemical synthesis usually provides high yields; however, they have the 
disadvantage of resulting in a racemate rather than the preferred enantiomer and 
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often other unwanted by-products. Additionally, the use of organic solvents renders 
chemical synthesis environmentally problematic. In comparison to enzymatic 
processes, efficiency is decreased, and downstream costs may be increased [2]. The 
third production route utilizes whole cell biocatalysis as the biotransformation step 
within the aroma compound production. In this way, the natural aroma production 
capacity of organisms such as the yeast Saccharomyces cerevisiae is used. An increas-
ingly important aspect for aromas and flavors is their labeling as bio-, organic, or 
natural. This kind of labels may be used for products gained by enzymatic reactions 
or biotransformations as long as the product occurs in nature, too [3]. In particular 
whole cell biocatalysis processes offer the chance to be beneficially integrated into 
biorefineries, as will be illustrated in this chapter.

Ethyl(3)hydroxybutyrate (E3HB) is listed in the Handbook of Flavors and is 
specified as fragrance by the International Fragrance Organization [4]. E3HB is 
characterized as fresh and fruity with grape odor. It is an intrinsic natural part of 
kiwi aroma and has the second highest concentration of volatile components in 
fresh kiwi puree [5]. E3HB is a widely used substance in the food and fragrance 
industry. The annual consumption of E3HB in 2010 has been stated to be 250 kg [6]. 
Here, the E3HB production process will serve as an example to illustrate the poten-
tial of integrating aroma compound production into biorefineries. The chapter 
concludes with a section describing the results of a life cycle assessment (LCA) for 
the proposed production of E3HB within a biorefinery concept, in order to investi-
gate the environmental impact of the process.

2. Production of Ethyl(3)hydroxybutyrate

There are three different strategies for the production of Ethyl(3)hydroxybutyr-
ate: (1) chemical synthesis, (2) synthesis by enzymatic biocatalysis, or (3) by whole 
cell biotransformation with organisms such as the yeast Saccharomyces cerevisiae. 
These strategies will be described briefly in the subsequent sections.

2.1 Chemical synthesis

The enantiomers of E3HB have identical physicochemical properties. However, 
enantiomers may exhibit different behaviors, e.g., they may trigger different phar-
macological effects or different olfactory cognition. (R-) and (S-) configurations 
of E3HB are obtained depending on the type of catalyst applied to the reaction. The 
(R-)configuration can be efficiently depolymerized from polyhydroxybutyrate. 
Seebach and Züger [7] found four possible methods: a reductive depolymerization 
with LiAlH4, a titanium-catalyzed transesterification, an acid-catalyzed depoly-
merization, and a hydrolysis [7–9]. A broad range of catalysts for the asymmetric 
reduction of ß-ketoesters are listed by Shang et al. [10] including three catalysts for 
(R)-E3HB but none for (S)-E3HB.

Chemical synthesis of E3HB may also comprise the catalytic hydrogenation 
of the substrate ethyl acetoacetate (EAA) to yield the target compound Ethyl(3)
hydroxybutyrate (Figure 1). Seven catalysts for the reduction of EAA to E3HB 
were listed by Shang et al. [10], five for the (R-)enantiomer and two for the (S-)
form. Asymmetric hydrogenation of ethyl acetoacetate (EAA) can, for example, 
be performed with BINAP-coordinated Ru(II) complexes as catalysts (Figure 1) as 
published by Noyori and coworkers [11, 12]. Jeulin et al. described further modi-
fication and optimization of ruthenium(II) complexes with chiral diphosphanes. 
With these modified catalysts, β-ketoesters have been reduced with an enantiomeric 
excess close to 100% [13].
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The reaction temperatures for catalyzed chemical synthesis range from 20 to 
70°C, at pressures from 5 to 100 bar. The enantiomeric excess achieved was greater 
than 97% with a maximum of 99.8%. The reaction solvents used are methanol, 
ethanol, or toluene. Thus, chemical synthesis necessitates special equipment and 
harsh conditions to achieve high yields (99%) and enantiomeric excess (99% ee).

2.2 Enzymatic biocatalysis

The advantages of enzymatic biocatalysis are mild reaction conditions like 
atmospheric pressure and ambient temperature. Often enzymatic reactions are 
stereoselective. Therefore, problems of isomerization, racemization, epimerization, 
and rearrangement of molecules are minimized compared to chemical reactions 
[15]. Enzymes are often used for transforming racemates derived from chemical 
reactions into one single stereoisomer [16]. Frequently, the cofactors nicotinamide 
adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate 
(NADPH) are required. For the enzymatic reduction of EAA to E3HB, the regenera-
tion of the cofactor is necessary (Figure 2) because its supply in a stoichiometric 
amount would be too expensive. The two main methods for cofactor regeneration 
are the substrate-coupled and the enzyme-coupled regeneration [17]. In principle, 
regeneration can also be carried out photochemically, electrochemically, or chemi-
cally using a catalyst which is regenerating the enzyme [18].

Huisman et al. [19] described that ketoreductases (KRED) may be used for 
substrate-coupled regeneration of NADH as well as of NADPH. KREDs can be 
adapted by enzyme engineering technology and reactor engineering to specific 
processes and are suitable for large-scale operations from economic and environ-
mental aspects. Moore and his group [20] applied KRED 101 and KRED 107 for 
EAA conversion to E3HB with excellent yields and high enantiomeric excess of (R-)

Figure 1. 
Ru-BINAP-catalyzed chemical synthesis of (R-)E3HB, according to Kitamura (20–32°C, ethanol, 86 bar, 
51 hours) [14].

Figure 2. 
Enzymatic biocatalysis with cofactor regeneration, according to [17].
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The advantages of enzymatic biocatalysis are mild reaction conditions like 
atmospheric pressure and ambient temperature. Often enzymatic reactions are 
stereoselective. Therefore, problems of isomerization, racemization, epimerization, 
and rearrangement of molecules are minimized compared to chemical reactions 
[15]. Enzymes are often used for transforming racemates derived from chemical 
reactions into one single stereoisomer [16]. Frequently, the cofactors nicotinamide 
adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate 
(NADPH) are required. For the enzymatic reduction of EAA to E3HB, the regenera-
tion of the cofactor is necessary (Figure 2) because its supply in a stoichiometric 
amount would be too expensive. The two main methods for cofactor regeneration 
are the substrate-coupled and the enzyme-coupled regeneration [17]. In principle, 
regeneration can also be carried out photochemically, electrochemically, or chemi-
cally using a catalyst which is regenerating the enzyme [18].

Huisman et al. [19] described that ketoreductases (KRED) may be used for 
substrate-coupled regeneration of NADH as well as of NADPH. KREDs can be 
adapted by enzyme engineering technology and reactor engineering to specific 
processes and are suitable for large-scale operations from economic and environ-
mental aspects. Moore and his group [20] applied KRED 101 and KRED 107 for 
EAA conversion to E3HB with excellent yields and high enantiomeric excess of (R-)

Figure 1. 
Ru-BINAP-catalyzed chemical synthesis of (R-)E3HB, according to Kitamura (20–32°C, ethanol, 86 bar, 
51 hours) [14].

Figure 2. 
Enzymatic biocatalysis with cofactor regeneration, according to [17].
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E3HB. Kaluzna et al. [21] used KRED 107 for cofactor regeneration during (R-)
E3HB production and achieved an ee of >99%. The same group also applied KRED 
116–119 supporting the (S-)enantiomer formation and again achieved an ee > 99%.

Besides KREDs, NADPH-dependent alcohol dehydrogenases may be used. 
An alcohol dehydrogenase from Kluyveromyces polyspora DSM 70294 (KpADH) 
was investigated by Müller [22] achieving an ee > 99.1% of the (S-)enantiomer. 
Enzymatic reactions mostly are carried out in aqueous solutions.

The enzymatic biocatalysis of EAA to E3HB is performed at ambient tempera-
tures and pressures. The enantiomeric excess achieved was greater than 99.8% with 
yields of up to 98%. The reaction solvent is an aqueous solution. However, this 
enzymatic biocatalysis requires cofactor regeneration.

2.3 Whole cell biotransformation

Already in 1931 Friedmann [23] reported the conversion of acetoacetate by 
yeasts. His work was confirmed by Lemieux and Giguere [24]. In the 1950s Deol 
et al. [25] improved the process by focusing on clearly defined reaction conditions 
to obtain a maximum yield. For the reduction of EAA to (S-)E3HB, they achieved 
a yield of 80%. Also Seuring and Seebach [26] published a detailed laboratory 
method for the biotransformation of EAA to E3HB with baker’s yeast in the late 
1970s. In addition to yeasts, also other organisms can be used for whole cell bio-
catalysis of E3HB. For example, Seebach et al. [9] and Simon et al. [27] reported a 
method for the production of (S)-E3HB using the bacterium Clostridium kluyveri 
with an enantiomeric excess of 95% [9, 27]. Leuenberger [28] describes whole cell 
E3HB biotransformations with Geotrichum candidum and baker’s yeast.

According to Sybesma [29] and his team, S. cerevisiae is transforming EAA into 
(S)-E3HB catalyzed by a carbonyl reductase with NADPH as cofactor (Figure 3). 
The regeneration of NADP+ is performed via a dehydrogenase with H+ from gly-
colysis. It has been reported that besides glucose also ethanol may be used as energy 
source under aerobic conditions [18].

Perles [30] performed an in-depth metabolic study of S. cerevisiae under aerobic 
and anaerobic conditions investigating the E3HB biotransformation including heat 
and ethanol production and oxygen and glucose consumption in order to find out 
which compartment of the cell the bioreduction takes place. Under aerobic condi-
tions, the mitochondrial matrix is the location where NADH is regenerated by the 

Figure 3. 
Whole cell biotransformation with regeneration of the cofactor (NAD(P)) under aerobic conditions.
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respiratory pathway. Under anaerobic conditions, the reaction is carried out in the 
cytosol, and NADH is regenerated using the pentose phosphate pathway.

Although some authors just consider the aerobic whole cell transformation, it 
should be stated that the process can be run either aerobically or anaerobically. In 
most cases, it is conducted aerobically using fed-batch operation in order to avoid 
by-product formation and substrate inhibition [18, 29, 31, 32].

2.4 Comparison of the reaction routes

A comparison of all three routes (chemical, enzymatic biocatalysis, and whole 
cell biotransformation) was published by Borup et al. [33]. Other works compare 
the chemical synthesis of E3HB with Ru-BINAP to the whole cell biotransforma-
tion with baker’s yeast [10, 34] or the enzymatic biocatalysis with the chemical 
synthesis [20]. The most important results of these studies, together with the 
results of the authors of this contribution, are shown in Table 1. In summary, it 
can be concluded that enzymatic biocatalysis results in the highest product quality 

Split of whole cell biotransformation into aerobic and anaerobic process.

Table 1. 
Evaluation of the E3HB reaction routes, according to [33] and studies by the authors.
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respiratory pathway. Under anaerobic conditions, the reaction is carried out in the 
cytosol, and NADH is regenerated using the pentose phosphate pathway.

Although some authors just consider the aerobic whole cell transformation, it 
should be stated that the process can be run either aerobically or anaerobically. In 
most cases, it is conducted aerobically using fed-batch operation in order to avoid 
by-product formation and substrate inhibition [18, 29, 31, 32].

2.4 Comparison of the reaction routes

A comparison of all three routes (chemical, enzymatic biocatalysis, and whole 
cell biotransformation) was published by Borup et al. [33]. Other works compare 
the chemical synthesis of E3HB with Ru-BINAP to the whole cell biotransforma-
tion with baker’s yeast [10, 34] or the enzymatic biocatalysis with the chemical 
synthesis [20]. The most important results of these studies, together with the 
results of the authors of this contribution, are shown in Table 1. In summary, it 
can be concluded that enzymatic biocatalysis results in the highest product quality 

Split of whole cell biotransformation into aerobic and anaerobic process.

Table 1. 
Evaluation of the E3HB reaction routes, according to [33] and studies by the authors.
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Figure 4. 
Biorefinery concept with aerobic biotransformation to form E3HB.

and yields, followed by the chemical process. Whole cell biotransformation seems to 
be less efficient. The volumetric product formation rates reported are 16 g L−1 h−1 for 
the chemical synthesis, 3 g L−1 h−1 for the enzymatic biocatalysis, and 1 g L−1 h−1 for 
whole cell biotransformation. The major disadvantages of the whole cell biocatalysis 
are its low productivity, the low product quality, and the waste generation, which is 
reported to be 100 L aqueous waste per kg product, compared to 2 L for the enzy-
matic biocatalysis. The chemical process generates 0.1 L organic waste (methanol and 
other compounds) per kg product. Nevertheless, whole cell biotransformations have a 
number of advantages in comparison to cell-free enzymatic biocatalysis and chemical 
catalytic synthesis. The whole cell biotransformation leads to an enantiomeric excess, 
which is comparable to the enzymatic biocatalysis and higher as achieved with chemi-
cal synthesis [2]. Furthermore, the regeneration of cofactors within the cells enhances 
the efficiency of the reaction; the cellular environment stabilizes the enzymes. This, 
together with the non-necessity of enzyme purification, makes whole cell biotrans-
formation economically advantageous as compared to the other two processes [2].

3. Biorefinery concept with E3HB production

A brief but telling definition of biorefineries is given by the International Energy 
Agency (IEA): “Biorefining is the sustainable processing of biomass into a spec-
trum of marketable products and energy” [35]. Recently, many different kinds of 
biorefineries were described [36, 37]. Hong and Nielsen [38] gave an overview of 
biorefinery concepts that could be realized with S. cerevisiae in a key transformation 
process. In the next sections, we will point out the potential of integrating the whole 
cell biotransformation of EAA to E3HB with S. cerevisiae into a biorefinery.

3.1 Potential concepts (aerobic/anaerobic)

The transformation step in the whole cell biotransformation can either be 
conducted aerobically or anaerobically, as stated earlier in this chapter. The two 
processes yield a different spectrum of products and, thus, require different bio-
refinery designs. Figure 4 illustrates the design of a biorefinery with the aerobic 
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biotransformation of EAA to the target aroma compound E3HB. Raw materials such 
as starch sources are converted to glucose and used as carbon source in the cultivation 
medium during upstream processing. The yeast starter culture is produced in a seed 
train process. Yeast starter culture and cultivation medium are then fed to the main 
cultivation and biotransformation step. During downstream processing the culture 
broth is separated into the main products E3HB and yeast biomass plus residuals. CO2 
is released as side product in the off-gas from the biotransformation. Wastewater 
from downstream processing may be partly recycled and fed back to the medium 
preparation. The main advantage of the process is the comparably high E3HB produc-
tivity during the aerobic biotransformation that will reduce the process cost.

A modified biorefinery concept integrating the anaerobic biotransformation to 
form E3HB has been patented and published by the authors [39, 40]. This biore-
finery concept is shown in Figure 5. In principle, it is similar to the concept shown 
in Figure 4. However, during the anaerobic biotransformation, ethanol is formed 
as an additional product, which can be recovered during downstream processing. 
Furthermore, the high concentration of CO2 in the off-gas allows for its subsequent 
utilization in a newly introduced biogas process to form bio-methane. Excess yeast 
is also fed into the biogas process. Hydrogen produced with excess regenerative 
power from wind power plants is fed to the biogas process, in order to transform 
CO2 to methane. The wastewater from the downstream processing as well as from 
the biogas production is recycled and reused in the upstream processing. The main 
benefit of this new concept is the simultaneous production of the three products 
E3HB, ethanol, and bio-methane.

In Section 4 of this chapter, we will show the results of a life cycle assessment 
of the two competing biorefinery concepts illustrated in Figures 4 and 5. In sub-
sequent Section 3.2, we will briefly outline the process operation strategy of the 
anaerobic biotransformation that has been derived from the aerobic process.

3.2 Development of an anaerobic process

So far no industrial process for the whole cell biotransformation of E3HB 
has been reported. However, there is a proposal for an aerobic process as shown 
in Figure 4. In the work by Hirschmann et al. [41], the anaerobic process is 

Figure 5. 
Biorefinery concept with the anaerobic biotransformation to form E3HB, combined with a biogas plant [39].
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Figure 4. 
Biorefinery concept with aerobic biotransformation to form E3HB.
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Figure 5. 
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investigated in more detail, because it was supposed to be beneficial to simultane-
ously produce E3HB and the by-products carbon dioxide and ethanol.

The reduction of aliphatic ß-keto esters with baker’s yeast was extensively 
reviewed by Csuk and Glaenzer [42]. Kometani et al. [31] investigated the influence 
of various by-substrates on the reaction rates. In their experiments the reduction 
did not proceed under anaerobic conditions. Some investigations showed that ste-
reoselectivity may be influenced by feeding strategies and oxygen limitation. Best 
results for the production of (S)-E3HB with an enantiomeric excess (ee) of 99% 
were obtained under aeration and slowly added gluconolactone within a fed-batch 
process [43]. In 2002 Seebach et al. [44] published a lab scale process to produce 
(S)-E3BH from EAA with S. cerevisiae with an optical purity of 93%. Engelking [45] 
published a very detailed report about the reaction technology for the asymmetric 
reduction of ß-ketoesters with recombinant yeasts and evaluated the influence of 
reaction conditions like pH, nutrients, and temperature. The work was carried out 
using wild-type strains of S. cerevisiae and Pichia pastoris as well as the recombinant 
strains S. cerevisiae FasB His6 and P. pastoris GC909. Also Matsuda et al. [46] gave a 
broad overview of reaction mechanisms and process conditions for reductive whole 
cell biotransformations with many organisms and substances.

3.2.1 Selection of process conditions and operational strategy

In order to carry out the biotransformation to form E3HB, EAA is needed as a 
substrate being converted to E3HB. Additionally, a carbon and energy source is 
needed to meet the cells’ energy demand and enables cofactor regeneration.

It has been shown previously that EAA has an inhibitory or toxic impact on  
S. cerevisiae. Wipf et al. [32] found a limit of 0.5 g L−1 for inhibition of the E3HB 
biotransformation and 15 g L−1 to be toxic for the yeast. Ebert et al. [47] reported 
that high substrate concentrations (EAA) may have an effect on yield and ee. These 
results have to be considered with caution. They performed small-scale experiments 
(1000 mL bottom flask, 200 mL liquid) with baker’s yeast suspended in distilled 
water and added EAA in concentrations of 4 and 8.5 g L−1 at the beginning of their 
experiments. The obtained ee for 4 g L−1 was >98% and for 8.5 g L−1 95%.

Within a range between 0 and 15 g L−1, glucose seems to have no effect on the bio-
transformation [48, 49]. In addition, due to the Crabtree effect, ethanol might be formed 
at glucose concentrations above 0.1 g L−1, even if the process is operated aerobically.

Katz et al. [49] found that ethanol concentrations above 19–30 g L−1 lead to 
strong inhibition of the reduction of EAA to E3HB. They assumed that ethanol 
leads to intracellular accumulation of acetaldehyde, which then inhibits the bio-
transformation. Ethanol may also influence membrane functions.

Hence, fed-batch is the most preferred operating concept. With this strategy 
up to 40 g L−1 E3HB could be produced [32] in aerobic operation. Both glucose 
and ethanol can be used as carbon and energy source under aerobic conditions for 
maintenance purposes during the biotransformation. Katz et al. [49] found that 
ethanol consumption is 10 times less than glucose while yielding the same amount 
of E3HB. Typical feeding rates are 0.05 mol glucose kgyeast

−1 h−1 and 0.15 mol 
ethanol kgyeast

−1 h−1. The ethanol concentration has to be kept below 19 g L−1 under 
aerobic conditions. Higher feeding rates of the carbon source cause an increase in 
production of biomass and a lower ee value. Alternatively to continuous glucose 
feeding, it has been suggested to use raffinose as an energy yielding co-substrate 
[49]. This strategy avoids ethanol formation due to the Crabtree effect, occurring at 
glucose concentrations above 0.1–0.5 g L−1.

An important factor, influencing the productivity of the whole cell biotransfor-
mation is the balancing of the cofactor regeneration and the biotransformation of 
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the ester. Katz et al. [49] optimized the reduction of a bicyclic diketone by balanc-
ing the reactions of reduction and cofactor recycling, using a genetically engineered 
strain. The best yield was 250 mg ketone per gram co-substrate (glucose) compared 
to 25 mg ketone per gram glucose for the lowest yield.

The pH may be adjusted to the normal range for standard S. cerevisiae cultiva-
tions. Dahl et al. [50] could shift the ee from 68.7% (S-)enantiomer to 87.3% (R-)
enantiomer by changing pH from 5 to 8 and the addition of allyl alcohol. Engelking 
observed an optimum for ethyl (S)-4-chloro-3-hydroxybutanoate of 94% ee at pH 8 
but strongly decreased yield [45]. From their findings, it can be concluded that for 
practical reasons a pH around 5 is favorable due to low inhibition effects, low foam 
formation, and a certain barrier for other organisms to grow.

S. cerevisiae is frequently cultivated at temperatures around 30°C. A temperature 
increase during biotransformation seems to favor ee and yield. In experiments per-
formed by Hirschmann et al. [41], the maximum temperature was 34°C. However, the 
temperature should be kept lower than 35° C in order to avoid cell inactivation [47]. 
The yield of the process may also be influenced by various other factors. Under aerated 
conditions the evaporation of the educt EAA with 6% of the fed quantity may not be 
neglected. If there is an ethanol formation due to high glucose concentrations (>0.1%), 
the evaporation of ethanol can be 25% [51]. Therefore, a good off-gas cooler is required 
to minimize this effect. Another factor that might decrease yields is the absorption 
of E3HB by the yeast cells. Highly concentrated yeast (50 g L−1 yeast dry matter) may 
absorb up to 20–30%. Furthermore, hydrolysis of EAA may not be negligible [51].

In a recently published study by Hirschmann et al. [41], the anaerobic biotrans-
formation of EAA to E3HB could be demonstrated and was directly compared to the 
aerobic biotransformation. Their processes were performed in 0.2–15 L stirred tank 
bioreactors in fed-batch mode using S. cerevisiae as organism for the biotransforma-
tion of EAA to E3HB (Figure 6).

All experiments comprised an aerobic yeast cell propagation phase of approx. 
25 hours (phase I) which was followed by whole cell biotransformation (approx. 
55 hours). Whole cell biotransformation was performed either aerobically or 
anaerobically. In Figures 7 and 8, two typical time courses of the process, one 
aerobic and one anaerobic, are shown. Subsequently, the phases of the process will 
be described to some detail.

Figure 6. 
Aerobic and anaerobic fed-batch conditions.
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[49]. This strategy avoids ethanol formation due to the Crabtree effect, occurring at 
glucose concentrations above 0.1–0.5 g L−1.

An important factor, influencing the productivity of the whole cell biotransfor-
mation is the balancing of the cofactor regeneration and the biotransformation of 
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the ester. Katz et al. [49] optimized the reduction of a bicyclic diketone by balanc-
ing the reactions of reduction and cofactor recycling, using a genetically engineered 
strain. The best yield was 250 mg ketone per gram co-substrate (glucose) compared 
to 25 mg ketone per gram glucose for the lowest yield.

The pH may be adjusted to the normal range for standard S. cerevisiae cultiva-
tions. Dahl et al. [50] could shift the ee from 68.7% (S-)enantiomer to 87.3% (R-)
enantiomer by changing pH from 5 to 8 and the addition of allyl alcohol. Engelking 
observed an optimum for ethyl (S)-4-chloro-3-hydroxybutanoate of 94% ee at pH 8 
but strongly decreased yield [45]. From their findings, it can be concluded that for 
practical reasons a pH around 5 is favorable due to low inhibition effects, low foam 
formation, and a certain barrier for other organisms to grow.

S. cerevisiae is frequently cultivated at temperatures around 30°C. A temperature 
increase during biotransformation seems to favor ee and yield. In experiments per-
formed by Hirschmann et al. [41], the maximum temperature was 34°C. However, the 
temperature should be kept lower than 35° C in order to avoid cell inactivation [47]. 
The yield of the process may also be influenced by various other factors. Under aerated 
conditions the evaporation of the educt EAA with 6% of the fed quantity may not be 
neglected. If there is an ethanol formation due to high glucose concentrations (>0.1%), 
the evaporation of ethanol can be 25% [51]. Therefore, a good off-gas cooler is required 
to minimize this effect. Another factor that might decrease yields is the absorption 
of E3HB by the yeast cells. Highly concentrated yeast (50 g L−1 yeast dry matter) may 
absorb up to 20–30%. Furthermore, hydrolysis of EAA may not be negligible [51].

In a recently published study by Hirschmann et al. [41], the anaerobic biotrans-
formation of EAA to E3HB could be demonstrated and was directly compared to the 
aerobic biotransformation. Their processes were performed in 0.2–15 L stirred tank 
bioreactors in fed-batch mode using S. cerevisiae as organism for the biotransforma-
tion of EAA to E3HB (Figure 6).

All experiments comprised an aerobic yeast cell propagation phase of approx. 
25 hours (phase I) which was followed by whole cell biotransformation (approx. 
55 hours). Whole cell biotransformation was performed either aerobically or 
anaerobically. In Figures 7 and 8, two typical time courses of the process, one 
aerobic and one anaerobic, are shown. Subsequently, the phases of the process will 
be described to some detail.

Figure 6. 
Aerobic and anaerobic fed-batch conditions.
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Figure 8. 
Time course of fed-batch culture with anaerobic biotransformation.

3.2.2 Phase I: aerobic propagation of the yeast cells

In order to provide sufficient biomass for the whole cell biotransformation, it is 
necessary to start with the propagation of S. cerevisiae (WB 06 Fermentis). A fed-batch 
process is suitable for this purpose. The aim was to achieve a S. cerevisiae concentra-
tion of at least 25 g L−1. The starting medium was water with 12 g L−1 yeast extract, 
peptones, and ammonium sulfate as well as 6 g L−1 potassium dihydrogen phosphates. 
After addition of the biomass, a fed-batch cultivation was carried out with a feed 
medium containing 300 g L−1 glucose in addition to the substances contained in the 
starting medium. The propagation lasted 25 hours with an aeration rate of 2 L min−1. 
The pO2 value was kept at approx. 25%. The stirrer speed was used as the control 
variable for pO2. The feed was manually adjusted to keep the respiratory quotient 
(RQ) at values of approx. 1.1. The mole fractions of O2 and CO2 in the exhaust gas 
were measured. From these values the RQ could be calculated using also the aeration 
rate. The medium temperature was controlled at 30°C. The pH value was adjusted 
and controlled to 5 by addition of 10% sodium hydroxide and 10% phosphoric acid 

Figure 7. 
Time course of fed-batch culture with aerobic biotransformation.
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solutions. The ethanol and glucose concentrations were determined with an enzyme 
kit photometrically. A gravimetric method with prior filtration (0.2 μm) was used to 
determine the biomass content. For both, the subsequent aerobic and the anaerobic 
whole cell biotransformation, the same yeast cell propagation process was used.

3.2.3 Phase II: aerobic and anaerobic biotransformation

For both, the aerobic and the anaerobic biotransformation, the same carbon 
source feed medium was used for the yeast propagation. The feeding strategy for the 
carbon source was 0.8 g glucose per g yeast and hour. EAA was dosed at a ratio of 0.15 
w/w to the added glucose. The duration of the biotransformation was about 55 hours.

In the aerobic case, the mole fractions of O2 and CO2 in the off-gas were mea-
sured, while in the anaerobic case, the resulting volumetric flow of the CO2 off-gas 
was measured.

EAA and E3HB concentrations were determined off-line by HPLC.
A resulting course of aerobic yeast propagation and a subsequent aerobic bio-

transformation process are shown in Figure 7. The concentration of biomass could 
be increased from approx. 2 g L−1 to approx. 40 g L−1 during propagation. At the 
beginning of the yeast propagation phase, overdosing of the glucose solution with 
associated ethanol formation (25 g L−1 and an increase of the glucose concentration 
to approx. 9 g L−1) may occur. By reducing the feed rate, the glucose concentra-
tion could be reduced to <0.1 g L−1 after 7 hours and the ethanol concentration to 
<0.5 g L−1 after 20 hours. During the dosing of EAA from 25 hours, there was no 
accumulation of EAA in the culture solution (concentration of EAA < 0.2 g L−1). 
The E3HB concentration increased continuously to approx. 14.8 g L−1. The yeast 
concentration also increased gradually to approx. 50 g L−1.

A resulting time course of aerobic yeast propagation with subsequent anaerobic 
biotransformation is shown in Figure 8. The concentration of biomass increased 
from approx. 2 g L−1 to approx. 26 g L−1 during propagation. At the beginning of 
the process, overdosing the glucose solution was associated with ethanol formation 
(23 g L−1 and an increase of the glucose concentration to approx. 3 g L−1). By reducing 
the glucose feed, the glucose concentration was reduced to <0.1 g L−1 after 10 hours 
and the ethanol concentration to <0.5 g L−1 after 22 hours. During the dosage of EAA 
from 25 hours, there was a slight accumulation of EAA in the culture solution (con-
centration of EAA max. 1.0 g L−1). The EAA concentration increased continuously to 
approx. 15.0 g L−1, while the yeast concentration decreased to approx. 22 g L−1. Due to 
the increase in volume in the reactor, however, an increase in the total amount of bio-
mass during anaerobic biotransformation from approx. 72 to 110 g could be observed. 
The ethanol concentration increased to 41.6 g L−1 during the biotransformation phase.

To conclude this section, some key process parameters and results have been sum-
marized in Table 2. A constant cultivation temperature of 32°C and a pH of 5.5 were 
used in the aerobic as well as the anaerobic biotransformation process. The aeration 
with 3 L min−1 during the aerobic process ensured aerobic conditions in the medium. 
After a start volume at the beginning of the propagation (2.6 L), the medium was 
fed for the propagation as well as for the biotransformation (3.1 L aerobic, 2.7 L 
anaerobic). During the biotransformation EAA was added in parallel (88.2 g aerobic, 
87.0 g anaerobic). At the end of the processes (at 80 hours process time), the substrate 
glucose was almost consumed. Small residual concentrations of EAA were measured. 
During the aerobic biotransformation, 15.0 g L−1 of E3HB could be produced. In the 
anaerobic process, 14.8 g L−1 E3HB and 41.6 g L−1 ethanol were produced. The yield 
YE3HB/EAA for the anaerobic process was 0.78 as compared to 0.92 for the aerobic 
process. These results show that the biotransformation may be conducted aerobically 
as well as anaerobically, although up to now it was usually conducted aerobically.
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Figure 8. 
Time course of fed-batch culture with anaerobic biotransformation.

3.2.2 Phase I: aerobic propagation of the yeast cells

In order to provide sufficient biomass for the whole cell biotransformation, it is 
necessary to start with the propagation of S. cerevisiae (WB 06 Fermentis). A fed-batch 
process is suitable for this purpose. The aim was to achieve a S. cerevisiae concentra-
tion of at least 25 g L−1. The starting medium was water with 12 g L−1 yeast extract, 
peptones, and ammonium sulfate as well as 6 g L−1 potassium dihydrogen phosphates. 
After addition of the biomass, a fed-batch cultivation was carried out with a feed 
medium containing 300 g L−1 glucose in addition to the substances contained in the 
starting medium. The propagation lasted 25 hours with an aeration rate of 2 L min−1. 
The pO2 value was kept at approx. 25%. The stirrer speed was used as the control 
variable for pO2. The feed was manually adjusted to keep the respiratory quotient 
(RQ) at values of approx. 1.1. The mole fractions of O2 and CO2 in the exhaust gas 
were measured. From these values the RQ could be calculated using also the aeration 
rate. The medium temperature was controlled at 30°C. The pH value was adjusted 
and controlled to 5 by addition of 10% sodium hydroxide and 10% phosphoric acid 
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solutions. The ethanol and glucose concentrations were determined with an enzyme 
kit photometrically. A gravimetric method with prior filtration (0.2 μm) was used to 
determine the biomass content. For both, the subsequent aerobic and the anaerobic 
whole cell biotransformation, the same yeast cell propagation process was used.

3.2.3 Phase II: aerobic and anaerobic biotransformation

For both, the aerobic and the anaerobic biotransformation, the same carbon 
source feed medium was used for the yeast propagation. The feeding strategy for the 
carbon source was 0.8 g glucose per g yeast and hour. EAA was dosed at a ratio of 0.15 
w/w to the added glucose. The duration of the biotransformation was about 55 hours.

In the aerobic case, the mole fractions of O2 and CO2 in the off-gas were mea-
sured, while in the anaerobic case, the resulting volumetric flow of the CO2 off-gas 
was measured.

EAA and E3HB concentrations were determined off-line by HPLC.
A resulting course of aerobic yeast propagation and a subsequent aerobic bio-

transformation process are shown in Figure 7. The concentration of biomass could 
be increased from approx. 2 g L−1 to approx. 40 g L−1 during propagation. At the 
beginning of the yeast propagation phase, overdosing of the glucose solution with 
associated ethanol formation (25 g L−1 and an increase of the glucose concentration 
to approx. 9 g L−1) may occur. By reducing the feed rate, the glucose concentra-
tion could be reduced to <0.1 g L−1 after 7 hours and the ethanol concentration to 
<0.5 g L−1 after 20 hours. During the dosing of EAA from 25 hours, there was no 
accumulation of EAA in the culture solution (concentration of EAA < 0.2 g L−1). 
The E3HB concentration increased continuously to approx. 14.8 g L−1. The yeast 
concentration also increased gradually to approx. 50 g L−1.

A resulting time course of aerobic yeast propagation with subsequent anaerobic 
biotransformation is shown in Figure 8. The concentration of biomass increased 
from approx. 2 g L−1 to approx. 26 g L−1 during propagation. At the beginning of 
the process, overdosing the glucose solution was associated with ethanol formation 
(23 g L−1 and an increase of the glucose concentration to approx. 3 g L−1). By reducing 
the glucose feed, the glucose concentration was reduced to <0.1 g L−1 after 10 hours 
and the ethanol concentration to <0.5 g L−1 after 22 hours. During the dosage of EAA 
from 25 hours, there was a slight accumulation of EAA in the culture solution (con-
centration of EAA max. 1.0 g L−1). The EAA concentration increased continuously to 
approx. 15.0 g L−1, while the yeast concentration decreased to approx. 22 g L−1. Due to 
the increase in volume in the reactor, however, an increase in the total amount of bio-
mass during anaerobic biotransformation from approx. 72 to 110 g could be observed. 
The ethanol concentration increased to 41.6 g L−1 during the biotransformation phase.

To conclude this section, some key process parameters and results have been sum-
marized in Table 2. A constant cultivation temperature of 32°C and a pH of 5.5 were 
used in the aerobic as well as the anaerobic biotransformation process. The aeration 
with 3 L min−1 during the aerobic process ensured aerobic conditions in the medium. 
After a start volume at the beginning of the propagation (2.6 L), the medium was 
fed for the propagation as well as for the biotransformation (3.1 L aerobic, 2.7 L 
anaerobic). During the biotransformation EAA was added in parallel (88.2 g aerobic, 
87.0 g anaerobic). At the end of the processes (at 80 hours process time), the substrate 
glucose was almost consumed. Small residual concentrations of EAA were measured. 
During the aerobic biotransformation, 15.0 g L−1 of E3HB could be produced. In the 
anaerobic process, 14.8 g L−1 E3HB and 41.6 g L−1 ethanol were produced. The yield 
YE3HB/EAA for the anaerobic process was 0.78 as compared to 0.92 for the aerobic 
process. These results show that the biotransformation may be conducted aerobically 
as well as anaerobically, although up to now it was usually conducted aerobically.
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4. Life cycle assessment

In order to assess and compare the environmental impacts of biorefinery 
concepts, life cycle assessments (LCA) are appropriate tools. According to ISO 
14.040 [52], the framework conditions for the LCA have to be defined at the 
beginning of the life cycle assessment process. Usually, a product-specific life 
cycle assessment comprises the entire life cycle of a product from “cradle to 
grave” and gives an estimate of its environmental impact. A full “cradle to grave” 
analysis would comprise the raw material production, the production of aroma 
and other products, their usage, as well as the disposal of all end products. 
However, in the case of the aerobic/anaerobic E3HB biotransformation, the final 
usage and disposal of the products were not known. Therefore, in this case a 
“cradle to gate” analysis was carried out by Hirschmann et al. [41], ending at the 
gate of the production site. The method interpreting the results of the LCA was a 
comparative analysis, which is systematically comparing production alternatives 
(aerobic and anaerobic). This method is used to find the environmentally better 
process for a product. Absolute values of the results are less important, and 
uncertainties of used data from databases are less critical as many of these data 
are applied in both processes [53].

4.1 LCA model

For the biorefinery concepts embedding the aforementioned biotransformation 
processes, the LCAs were conducted using the software Umberto NXT LCA from 
ifu, Hamburg. This software facilitates graphical modeling of all energy and material 
flows and offers access to a variable inventory of databases. It comprises perfor-
mance analysis and evaluation modules. The evaluation results can be visualized 
and transferred to other evaluation programs [54]. The Umberto NXT LCA software 
uses the LCA databases GaBi and ecoinvent (version 3.3) [53, 55], which offer a high 
number of data sets of processes and materials. Local data records from Europe and 

Table 2. 
Comparison of the aerobic and the anaerobic biotransformation.
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European processes and infrastructure were used as a basis for the LCAs performed 
(exception: potassium carbonate data were only available globally in the database).

Figure 9 shows (a) the aerobic and (b) the anaerobic graphical LCA model, 
developed by the authors. Rectangles symbolize processes, whereby circles with 
arrows pointing to processes represent inputs and circles which are pointed at from 
process rectangles represent outputs. Double-edged circles serve as connecting 
points between processes. For a better overview, some processes are grouped into 
subnets, which are represented by double-edged rectangles. A lock in the rectangles 
indicates the usage of predefined process frames from the database ecoinvent. The 
functional unit of the model is 1 kg E3HB (indicated by the purple arrow).

As shown in Figure 10a and b, the biotransformation (biocatalysis) process 
formed the center of the LCA models. Pre-cultivation of the yeast, represented by a 
subnet, delivered its main product to the biotransformation. The performance of the 
biotransformation process required substrate EAA and energy as well as oxygen for 
the aerobic process. Main outputs from the aerobic and the anaerobic biotransforma-
tion including purification were E3HB, water, and exhaust gas. The anaerobic process 
also yielded ethanol and methane. As all materials may have an impact on the LCA, 
they are outputs in the LCA model.

Figure 9a shows the model for the aerobic process. The focus was on whole cell 
biotransformation (T2, biocatalysis). Biotransformation requires the production of suf-
ficient biomass (S. cerevisiae). This process was described using the subnet yeast culture 
(T4) representing the aerobic propagation of yeast as shown in the experimental results 
previously. The subnet, which is not shown here in detail, contained all necessary steps 

Figure 9. 
LCA models of the aerobic (a) and anaerobic (b) production of E3HB modeled with Umberto NXT LCA 
software (basic model).
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(exception: potassium carbonate data were only available globally in the database).

Figure 9 shows (a) the aerobic and (b) the anaerobic graphical LCA model, 
developed by the authors. Rectangles symbolize processes, whereby circles with 
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points between processes. For a better overview, some processes are grouped into 
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subnet, delivered its main product to the biotransformation. The performance of the 
biotransformation process required substrate EAA and energy as well as oxygen for 
the aerobic process. Main outputs from the aerobic and the anaerobic biotransforma-
tion including purification were E3HB, water, and exhaust gas. The anaerobic process 
also yielded ethanol and methane. As all materials may have an impact on the LCA, 
they are outputs in the LCA model.

Figure 9a shows the model for the aerobic process. The focus was on whole cell 
biotransformation (T2, biocatalysis). Biotransformation requires the production of suf-
ficient biomass (S. cerevisiae). This process was described using the subnet yeast culture 
(T4) representing the aerobic propagation of yeast as shown in the experimental results 
previously. The subnet, which is not shown here in detail, contained all necessary steps 

Figure 9. 
LCA models of the aerobic (a) and anaerobic (b) production of E3HB modeled with Umberto NXT LCA 
software (basic model).
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for the production of yeast, for example, the production of the culture medium, the 
sterilization of the medium, and of course all raw materials used and energy required. 
In addition to the formed yeast, the inputs EAA (T10), electrical energy (T13), and 
compressed air (T1) for aeration are also shown. Biotransformation (T2, biocatalysis) 
was followed by processing the culture broth in the LCA models. The data for this 
downstream part of the process were estimated from theoretical process design. The 
downstream process, which is also not shown in detail, comprised the centrifugation of 
the yeast cells, from which some of the yeast containing sludge was recycled to bioca-
talysis (P11).

The culture broth separated from the yeast was then assumed to enter an 
extraction process. In this way E3HB may be extracted from the culture broth using 
Methyl-tert-butyl-ether (MTBE). The extraction step was followed by purification 
in a rectification process, from which the residual MTBE was recycled to the extrac-
tion process. Here too, electrical energy was accounted for, to run the unit opera-
tions. EAA (P1), E3HB (P2), and water (P4) as well as exhaust gas (P7) were seen as 
output from the overall process. EAA as output represents the remaining EAA from 
biotransformation. All other inputs and outputs have been taken from the data sets 
used in the ecoinvent and GaBi databases.

Figure 9b shows the anaerobic process. Compressed air for the gassing as input to 
the biotransformation step was not required. The subnet purification (T8) addition-
ally contained a second rectification unit between centrifugation and extraction 
for the separation of the ethanol produced here. Otherwise, the process model 
was identical to the one for the aerobic process. An important modification in the 
anaerobic process model as compared to the aerobic model was the additional subnet 
biogas (T2). The CO2 produced during biotransformation was assumed to be fed 
into a biogas process to which also hydrogen was fed simultaneously, according to 
Reule [40]. The hydrogen was assumed to be obtained from an electrolysis process 
for which regenerative electricity could be used, as also suggested by Reule [40]. The 
gained bio-methane may be fed into the natural gas grid. This could be a contribu-
tion to the power to gas concept and at the same time an opportunity to improve the 
efficiency of biogas plants. Eventually, in the LCA model describing the biorefinery 
concept embedding the anaerobic biotransformation, ethanol (P5) and methane 
(P9) become additional outputs. Oxygen (P13) from electrolysis was not evaluated 

Figure 10. 
Economic allocation for the biorefinery processes with aerobic (left) and anaerobic (right) biotransformation.
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because it was not considered as a marketable product or to have a significant impact 
on the LCA results.

4.2 Allocation

A major challenge in life cycle assessment is the solution of allocation problems, 
when multiple products are formed. The various environmental impacts of pro-
cesses and products need to be allocated to the products in a sensible manner. At 
present there is no general method available, which could be applied to all allocation 
problems [53, 55]. On the other hand, the assignment of environmental impacts 
to the respective products is the most critical part of a LCA and may significantly 
influence its results. In order to ensure an equitable distribution of the environ-
mental impacts on the products, guidelines and different methods for carrying out 
an allocation were defined internationally in the ISO Standard 14,044 [56]. In ISO 
Standard 14,044, allocations by mass, by physical laws (stoichiometry), or based on 
economic values of the products and by-products are proposed.

Both, in the aerobic and the anaerobic processes for E3HB production, by-
products such as water and off-gas are formed in addition to the main product. In 
this work the allocation is based on economic values of the products and by-prod-
ucts, since only those products having an economic value can at least theoretically 
create an economic benefit to the producer.

The impact factor based on economic values for each product was calculated by 
multiplying the product price with the product mass (Figure 10). The result was 
then divided by the total potential sales. The total potential sales are the sum of the 
specific costs of all products [52, 53, 55] times the product mass. All masses were 
related to the functional unit of 1 kg E3HB. Figure 10 shows the percentages of 
environmental impacts for both processes.

In the anaerobic process, the two by-products ethanol and methane are pro-
duced. As a result, the environmental impacts were weighted differently and were 
allocated only with 84.3% to the main product E3HB for the anaerobic process 
as compared to 98.8% for the aerobic process. Nevertheless, E3HB has the major 
environmental impact in the anaerobic process, too.

4.3 Impact assessment

The life cycle impact assessment (LCIA) is part of the life cycle assessment and 
is used to identify and assess the magnitude and significance of potential envi-
ronmental impacts of a process (for cradle to gate: used raw materials, energy, the 
production process, the emissions, and the product(s)) during its lifetime. LCIA 
supports the assessment of the LCA balance sheet in order to better understand 
the environmental relevance of the investigated process by grouping the envi-
ronmental impacts of a process or product(s) into impact categories. Each impact 
category is related to an environmental issue, such as climate change, eutrophica-
tion, or land occupation, which is influenced by the process under consideration. 
The environmental impacts of the products are quantified by an impact indicator. 
As an example, carbon dioxide equivalents may be used to quantify the category 
climate change. In the work described in this section, the eco-indicator 99 (E,E) 
(Table 3) was used for the LCIA of the comparative life cycle assessment of E3HB. 
(E,E) means egalitarian and egalitarian weighing and includes long-term effects 
to the environment. Eco-indicator 99 (E,E) reviews the environmental damage in 
Europe and accounts for the impact categories’ ecosystem quality, human health, 
and resources, each consisting of several subcategories (Table 3). This method is 
used for the damage-oriented estimation of environmental effects and is already 
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for the production of yeast, for example, the production of the culture medium, the 
sterilization of the medium, and of course all raw materials used and energy required. 
In addition to the formed yeast, the inputs EAA (T10), electrical energy (T13), and 
compressed air (T1) for aeration are also shown. Biotransformation (T2, biocatalysis) 
was followed by processing the culture broth in the LCA models. The data for this 
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downstream process, which is also not shown in detail, comprised the centrifugation of 
the yeast cells, from which some of the yeast containing sludge was recycled to bioca-
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ally contained a second rectification unit between centrifugation and extraction 
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was identical to the one for the aerobic process. An important modification in the 
anaerobic process model as compared to the aerobic model was the additional subnet 
biogas (T2). The CO2 produced during biotransformation was assumed to be fed 
into a biogas process to which also hydrogen was fed simultaneously, according to 
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Figure 10. 
Economic allocation for the biorefinery processes with aerobic (left) and anaerobic (right) biotransformation.
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because it was not considered as a marketable product or to have a significant impact 
on the LCA results.

4.2 Allocation

A major challenge in life cycle assessment is the solution of allocation problems, 
when multiple products are formed. The various environmental impacts of pro-
cesses and products need to be allocated to the products in a sensible manner. At 
present there is no general method available, which could be applied to all allocation 
problems [53, 55]. On the other hand, the assignment of environmental impacts 
to the respective products is the most critical part of a LCA and may significantly 
influence its results. In order to ensure an equitable distribution of the environ-
mental impacts on the products, guidelines and different methods for carrying out 
an allocation were defined internationally in the ISO Standard 14,044 [56]. In ISO 
Standard 14,044, allocations by mass, by physical laws (stoichiometry), or based on 
economic values of the products and by-products are proposed.

Both, in the aerobic and the anaerobic processes for E3HB production, by-
products such as water and off-gas are formed in addition to the main product. In 
this work the allocation is based on economic values of the products and by-prod-
ucts, since only those products having an economic value can at least theoretically 
create an economic benefit to the producer.

The impact factor based on economic values for each product was calculated by 
multiplying the product price with the product mass (Figure 10). The result was 
then divided by the total potential sales. The total potential sales are the sum of the 
specific costs of all products [52, 53, 55] times the product mass. All masses were 
related to the functional unit of 1 kg E3HB. Figure 10 shows the percentages of 
environmental impacts for both processes.

In the anaerobic process, the two by-products ethanol and methane are pro-
duced. As a result, the environmental impacts were weighted differently and were 
allocated only with 84.3% to the main product E3HB for the anaerobic process 
as compared to 98.8% for the aerobic process. Nevertheless, E3HB has the major 
environmental impact in the anaerobic process, too.

4.3 Impact assessment

The life cycle impact assessment (LCIA) is part of the life cycle assessment and 
is used to identify and assess the magnitude and significance of potential envi-
ronmental impacts of a process (for cradle to gate: used raw materials, energy, the 
production process, the emissions, and the product(s)) during its lifetime. LCIA 
supports the assessment of the LCA balance sheet in order to better understand 
the environmental relevance of the investigated process by grouping the envi-
ronmental impacts of a process or product(s) into impact categories. Each impact 
category is related to an environmental issue, such as climate change, eutrophica-
tion, or land occupation, which is influenced by the process under consideration. 
The environmental impacts of the products are quantified by an impact indicator. 
As an example, carbon dioxide equivalents may be used to quantify the category 
climate change. In the work described in this section, the eco-indicator 99 (E,E) 
(Table 3) was used for the LCIA of the comparative life cycle assessment of E3HB. 
(E,E) means egalitarian and egalitarian weighing and includes long-term effects 
to the environment. Eco-indicator 99 (E,E) reviews the environmental damage in 
Europe and accounts for the impact categories’ ecosystem quality, human health, 
and resources, each consisting of several subcategories (Table 3). This method is 
used for the damage-oriented estimation of environmental effects and is already 
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integrated in the Umberto NXT LCA software [54, 57–59]. The individual damage 
categories have different physical units. For example, climate change is calculated in 
kg CO2 equivalents and acidification in SO2 equivalents. In order to enable a com-
parison between the aforementioned categories, the respective balance results are 
converted into a comparable, aggregated, numerical, and unitless impact indicator 
(eco-indicator points) for each environmental area. This approach allows to com-
pare the different categories directly [59].

Results of the performed LCA are shown in Figure 11. Here, a comparative LCA 
was conducted, emphasizing the differences of the environmental impacts between 
the aerobic and the anaerobic process. The absolute eco-indicator point values were 
not taken as basis for evaluation in this study. On the ordinate in Figure 11, the 
results are plotted as eco-indicator points, which are dimensionless (see above). The 
higher the number of eco-indicator points, the stronger is the effect to the environ-
ment, human health, or resource consumption. On the abscissa, only those impact 
categories are shown which are characterized by eco-indicator points larger than 
1. The last pair of bars (total/total) shows the environmental effects of all impact 
categories in total [54].

Most eco-indicator points are gained from resources, subgroup fossil fuels. Fossil 
fuels are needed for the production of the raw materials like sugar and for the production 
of the used electricity, which is a mix from German electricity production. Only for the 
biogas process, electricity from the wind and sun was used. The environmental impacts 
of human health and ecosystem quality result from the production of the agricultural 
raw materials which are necessary for the processing of the culture media.

Figure 11. 
Comparative life cycle assessment for aerobic and anaerobic production of Ethyl 3-hydroxybutyrate with 
eco-indicator 99.

Table 3. 
Impact categories within eco-indicator 99.
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Both, the aerobic and the anaerobic whole cell biotransformation of E3HB, pro-
duce CO2 as output. This CO2 is renewable; its origin is the carbon source (glucose). 
However, within the anaerobic production of E3HB, the biogas process leads to a sav-
ing of environmental impacts, since CO2 is converted to bio-methane, which replaces 
natural gas of fossil origin. In the LCA this leads to eco-indicator point credits lowering 
the environmental impact of the anaerobic process. In order to model the replacement 
of fossil resources, a separate process was used in which the same amount of natural 
gas was produced which could be replaced by bio-methane. The natural gas was then 
converted into CO2 in a simplified combustion step. The results are the negative values 
shown in Figure 11. As can be seen from Figure 11, this effect is small (about 2%) as 
compared to the total eco-indicator points (total, total) for the whole process.

All indicated impact indicators show that the anaerobic process has lower eco-
indicator points than the aerobic process. For total, total, the difference is about 
17%. This is within the range of the allocation of the additional products of the 
anaerobic process which is 15% less as compared to the aerobic process.

4.4 Interpretation of the LCA

The application of the eco-indicator 99 (E,E) method within a LCIA provides the 
basis for the comparison of the two biorefinery concepts. A credit for the substitution 
of natural gas from fossil resources by bio-methane was accounted for in the evalua-
tion of the anaerobic process. The comparative LCA shows that the anaerobic produc-
tion of E3HB has about 17% less of the environmental impact than the aerobic process.

The exhaust gas from the anaerobic process, which mainly consists of CO2, is 
processed in a biogas process to form bio-methane substituting natural gas. In the 
aerobic process, the formed CO2 is directly released into the atmosphere. The main 
contribution to the advantage of the anaerobic process in comparison to the aerobic 
biotransformation results from the by-product formation. Due to the formation of 
ethanol and bio-methane in the anaerobic process, the total eco-indicator points 
were reduced by 15%. Only further 2% eco-indicator point reduction resulted from 
the minimized CO2 release of the anaerobic process.

All material and energy flows, except for the biogas process, the downstream 
process, and the natural gas combustion (for crediting the bio-methane produc-
tion), were fully recorded in previous laboratory tests. Therefore, the data used 
were considered to be reliable. With regard to the biogas process, the downstream 
process, and the credit note (natural gas combustion), the data for procedures, 
implemented in the LCA software package, should be experimentally cross 
checked.

Various methods have been used for the sensitivity analysis of the aerobic and 
anaerobic LCA models by the authors. Different weightings were made in the eco-
nomic allocation, and different allocation methods were applied. Various data sets 
from ecoinvent were used and compared for the production of E3HB. In the case 
of the credit, bio-methane was also burned instead of natural gas in the separate 
process. However, the analysis did only show slight fluctuations in LCIA results.

5. Conclusions

The presented data from the fed-batch biotransformation processes show that 
anaerobic production of the aroma compound E3HB from EAA is possible. The 
production efficiency of the anaerobic process is similar as compared to the aerobic 
production. This makes it possible to integrate both, the aerobic and the anaerobic 
processes, into two process-specific biorefinery concepts.
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Both, the aerobic and the anaerobic whole cell biotransformation of E3HB, pro-
duce CO2 as output. This CO2 is renewable; its origin is the carbon source (glucose). 
However, within the anaerobic production of E3HB, the biogas process leads to a sav-
ing of environmental impacts, since CO2 is converted to bio-methane, which replaces 
natural gas of fossil origin. In the LCA this leads to eco-indicator point credits lowering 
the environmental impact of the anaerobic process. In order to model the replacement 
of fossil resources, a separate process was used in which the same amount of natural 
gas was produced which could be replaced by bio-methane. The natural gas was then 
converted into CO2 in a simplified combustion step. The results are the negative values 
shown in Figure 11. As can be seen from Figure 11, this effect is small (about 2%) as 
compared to the total eco-indicator points (total, total) for the whole process.

All indicated impact indicators show that the anaerobic process has lower eco-
indicator points than the aerobic process. For total, total, the difference is about 
17%. This is within the range of the allocation of the additional products of the 
anaerobic process which is 15% less as compared to the aerobic process.

4.4 Interpretation of the LCA

The application of the eco-indicator 99 (E,E) method within a LCIA provides the 
basis for the comparison of the two biorefinery concepts. A credit for the substitution 
of natural gas from fossil resources by bio-methane was accounted for in the evalua-
tion of the anaerobic process. The comparative LCA shows that the anaerobic produc-
tion of E3HB has about 17% less of the environmental impact than the aerobic process.

The exhaust gas from the anaerobic process, which mainly consists of CO2, is 
processed in a biogas process to form bio-methane substituting natural gas. In the 
aerobic process, the formed CO2 is directly released into the atmosphere. The main 
contribution to the advantage of the anaerobic process in comparison to the aerobic 
biotransformation results from the by-product formation. Due to the formation of 
ethanol and bio-methane in the anaerobic process, the total eco-indicator points 
were reduced by 15%. Only further 2% eco-indicator point reduction resulted from 
the minimized CO2 release of the anaerobic process.

All material and energy flows, except for the biogas process, the downstream 
process, and the natural gas combustion (for crediting the bio-methane produc-
tion), were fully recorded in previous laboratory tests. Therefore, the data used 
were considered to be reliable. With regard to the biogas process, the downstream 
process, and the credit note (natural gas combustion), the data for procedures, 
implemented in the LCA software package, should be experimentally cross 
checked.

Various methods have been used for the sensitivity analysis of the aerobic and 
anaerobic LCA models by the authors. Different weightings were made in the eco-
nomic allocation, and different allocation methods were applied. Various data sets 
from ecoinvent were used and compared for the production of E3HB. In the case 
of the credit, bio-methane was also burned instead of natural gas in the separate 
process. However, the analysis did only show slight fluctuations in LCIA results.

5. Conclusions

The presented data from the fed-batch biotransformation processes show that 
anaerobic production of the aroma compound E3HB from EAA is possible. The 
production efficiency of the anaerobic process is similar as compared to the aerobic 
production. This makes it possible to integrate both, the aerobic and the anaerobic 
processes, into two process-specific biorefinery concepts.
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A LCA showed that the integration of the anaerobic process into a biorefinery results 
in a production process with lower environmental impact than a biorefinery with the 
aerobic process. In both alternatives environmentally friendly ambient conditions are 
applied. In particular, the anaerobic process produces ethanol as an additional by- 
product, replaces natural gas by the production of bio-methane, and does not produce 
CO2 as a waste product. The knowledge gained during this work can probably be trans-
ferred to similar bioreductions, which can be carried out with the yeast S. cerevisiae.

Taken together the goal of integrating the whole cell biotransformation of the 
aroma compound E3HB into an anaerobic biorefinery process was achieved. The 
present study shows that anaerobic biotransformation can be used as a production 
process for E3HB, resulting in less environmental impact compared to the aerobic 
process as part of a biorefinery.
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Chapter 5

Lignin Hydrothermal Liquefaction 
into Bifunctional Chemicals: A 
Concise Review
Yahaya Alhassan, Ursel Hornung and Idris M. Bugaje

Abstract

Lignin, the second largest biomass after cellulose is underutilized. Yet, it remains 
the only natural source of aromatic, and phenolic compounds. It is imperative to, 
amidst the expanding interest on biomass conversion, to accord the necessary atten-
tion towards lignin degradation into value added chemicals. Specifically, its phenyl, 
guaiacyl, and syringyl derivatives. Understanding lignin degradation chemistry, 
goes a long way in its selective valorization into fuels and chemicals via thermo-
chemical routes such as hydrothermal liquefaction (HTL). Therefore, development 
of technologies targeting value addition of products and by-products from lignin, 
would undoubtedly give way to emerging markets in the industry. Previous review 
papers focused on the general HTL of biomass, food waste, algae, and their model 
compounds. However, review on HTL of lignin is scarcely available. This paper 
presents the detailed literature analyses of the current trend in lignin degradation 
via HTL. Effect of HTL conditions including temperature, heating rate and catalyst 
has been reviewed. In-depth discussion on use of ionic liquids as catalyst for HTL of 
lignin has also been compiled. Other lignin degradation techniques such as pyrolysis 
and hydrolysis were also discussed. This is aimed at bringing together an up-to-date 
information on lignin degradation into selected chemical intermediates.

Keywords: aromatics, catechol, lignin, guaiacol, phenol

1. Introduction

Nowadays, it is evident that, processing lignocelluloses biomass, specifically, lignin 
into different industrial chemicals via the biorefinery approach; has become economi-
cally attractive. Biorefinery, is a pinnacle of simple and advanced technologies, put 
together; in converting biomass such as lignin into sustainable fuels, intermediates and 
chemical products [1]. Therefore, lignin processing, including hydrothermal liquefac-
tion (HTL) route is expected to ensure only useful products are produced. Pollutants, 
waste, and losses are limited, in what is referred to as an atom economy model [2].

Lignin, the second largest biomass after cellulose is largely underutilized. It is 
largely available in woody biomass, agricultural waste, and as an industrial process 
by-product from paper milling, and pulping industries [3], and waste stream in 
organosolv process [4]. It is also the only natural source of aromatic and phenolic 
compounds. Therefore, development of well-defined technologies targeting value 
addition of products and by-products from lignin, would undoubtedly give way to 
emerging markets in the industry.
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by-product from paper milling, and pulping industries [3], and waste stream in 
organosolv process [4]. It is also the only natural source of aromatic and phenolic 
compounds. Therefore, development of well-defined technologies targeting value 
addition of products and by-products from lignin, would undoubtedly give way to 
emerging markets in the industry.
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Detailed literature review papers focused either on the general HTL processing of 
biomass and algae [5, 6]; HTL of food waste and model compounds [7]. Other areas 
covered included; the techno-economic, and life cycle assessment of lignocelluloses 
biomass via thermo-chemical conversion technologies [1]. A few case studies, such as 
the environmental profile of algae HTL have been reported [8]. However, review on 
HTL of specific feedstock other than algae and whole biomass are scarcely available; 
just as the detailed review on HTL of feedstock into specific value-added products, is 
equally rare. Except for the detailed review on catalytic valorization of lignin for the 
production of fuels and chemicals [9], such reviews are rare until recently.

It is therefore imperative to, amid the expanding research into biomass conver-
sion, to accord necessary attention towards lignin degradation into value added 
chemicals, specifically, its hydroxylphenyl derivatives (H-type), guaiacyl deriva-
tives (G-type), and Syringyl derivatives (S-type). In so doing, economically viable, 
and environmental friendly technology like HTL needs to be explored. This review 
paper, is aimed at appraising the literature information available on lignin degrada-
tion into valuable chemicals, with emphasis on HTL route.

2. Lignin composition and chemistry

Lignin is largely made up of polymerized monolignols (G-type, H-type and 
S-type), which are interconnected by well-defined benzodioxane linkages in a 
radical recombination coupling reaction [10]. The chemical structure of lignin 
according to different authors [11, 12]; suggested that it consisted of complex 
4-phenylpropanol macromolecular units. Figure 1 depicts the monomeric units of 
lignin. Principally; it consists of phenylpropane monomer units of phenyl, guaiacyl 
and syringyl geometry (Figure 1), linked together via ether bonds (α–O–4; β–O–4; 
5–O–4) and carbon–carbon bonds (β–1; β–5; β–β; 5–5). The β–O–4 is the most 
pointing ether bond in lignin, where different reactions take place.

Authors have reported different simple and complex reactions taking place during 
lignin degradation. Even though, multitude of reactions are taking place, at this point 
(β–O–4), it was proposed that at supercritical point of water, for example; less energy 
intense reactions are a preferentially favored. Greater scheme of reactions take place 
at the bonds, forming different products depending on the relative thermodynamic 
stability of the bond, determined by the strength of double bond equivalence.

According to Berstis et al. [10], during lignin HTL, the reactivity of particular 
bond is depending on its reaction enthalpy, bond strength, and geometry. It was 
observed that, α–bonds are slightly weaker than their corresponding β–bond 
counterparts, and similar in strength to that of the conventional β–O–4 linkage. 
According to Beauchet et al. [13], the α- and β-aryl-ether-bond followed by the 

Figure 1. 
Different monomeric units of lignin.
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Table 1. 
Types of bonds existing in lignin structure.
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aryl–aryl bond, are the weakest bonds in the lignin polymers, thus; hydrocracking, 
and thermal hydro-deoxygenation have frequently been employed for depolymerisa-
tion, targeting these weak bonds. Table 1 presents the predominant bonds in lignin. 
According to Forchheim et al. [14], reactions including mild alkylation, hydro 
deoxygenation, reploymerization, and depolymerisation are predominant in lignin 
HTL. Liguori and Barth [15], reported reactions like hydro-deoxygenated, demeth-
ylated and demethoxylated at the ether bond positions. In addition, radical recombi-
nation and decomposition chemistry; are dimensional factors in the reaction rate.

2.1 Lignin as a source of chemicals

Lignin, is the only natural source of phenolic compounds, thus; its liquefaction 
is increasingly been investigated. Although it was envisaged that the complex nature 
of lignin makes it valorization a difficult task; recent discoveries in selective bond 
cleaving of the predominant β–O–4 bond [16], is encouraging further research. 
The increasing research interest in C3 and C5-ortho reactivity and production of 
genetically modified lignin, have instigated lignin valorization work. The HTL of 
lignin into substituted Phenol, and aromatic ethers was conducted by Singh et al. 
[17]. These authors attributed the presence of Phenol, and aromatic ethers from 
the selective cleaving of β–O–4 and α–O–4 bonds, forming hydroxyl and alkyl 
groups, respectively. Similarly, Zhou [18] successfully converted Kraft lignin into 
value-added chemicals, specifically, guaiacol (2-methoxy Phenol), was formed by 
the degradation of β–O–4 bond. The cleavages of other functional groups including 
hydroxyl, aromatic, and carbonyl resulted in increased phenolic –OH presence.

3. Lignin degradation technologies

Literature has availed different proposed schemes for lignin degradation. For 
example, According to Kruse and Dahmen [19], during biomass liquefaction, steam 
explosion occurs within 140–240°C leading to its structural disruption, just as the 
hydrothermal carbonization begin to manifest at around 200°C. Finally, liquefac-
tion sets-in, between 300 and 350°C, and gasification reaction completes the liq-
uefaction cycle around 450–600°C; depending on the feedstock. This temperature 
range was found to be perfect for the thermal degradation range of lignin which 
is 200–600°C [20]. Apart from HTL route, other biomass conversion techniques 
found suitable for lignin degradation, including pyrolysis [21, 22], hydrolysis [23], 
and gasification [24] have been reported.

4. Hydrothermal liquefaction technique

Hydrothermal liquefaction (HTL), is one of the emerging biomass conversion 
technologies gaining desirable attention. This thermo-chemical processing method, 
has superior advantages in comparison to other processes. Figure 2 presents the 
modified vapor pressure curves for HTL processes.

Water, as the solvent in HTL makes the route environmental friendly; in addi-
tion to its bifunctional role as catalyst and solvent for multiple reactions taking 
place [19]. This is because, water, on approaching its supercritical point (above 
375°C) exhibits good solvent ability, resulting from its improved properties like 
polarity, solubility and transportation properties [6, 7].

In economic terms, HTL reduces the energy consumption required dur-
ing biomass drying, as it is suitable for conversion of high moisture content 
feedstock into good quality and stable products [7]. For these reasons, HTL has 
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turned out to be a super-specialty method, found to be appropriate for con-
verting different feedstock. These including cyanobacteria [25]; low-lipid and 
high protein algae [26]; sewage sludge [27]; bio-cakes [28]; and lignocelluloses 
model systems [29] etc.; into different targeted products such as protein, lipids, 
heterocyclic and their derivatives (nitrogenous and sulfur) [30]; phenolic and 
aromatic compounds [17]; fatty acids and light gases [31]; and nitrogenated 
compounds [32] etc. Yang et al. [33] identified Phenol and benzene derivatives 
from Corncob, with the two compounds showing improved active sites than the 
parent lignin. Thus, making the former suitable substituents in the synthesis of 
Phenol formaldehyde adhesive.

Figure 2. 
Modified vapor pressure curves for hydrothermal conversion process.

Figure 3. 
A semi-continuous process biomass liquefaction flow chart [34].
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The use of co-solvent system in biomass liquefaction and by extension, lignin 
degradation has been investigated. A co-solvent hydrothermal degradation of 
alkali lignin into bi-phenolic compounds was investigated by Cheng et al. [12], 
suggesting an improved yield from the water-ethanol co-solvent system for sub/
supercritical conditions. Whereas, time had negligible effect on the yield and 
quality of liquefaction products, temperature and co-solvent ratio had significant 
effects on yield and quality of bio-crude oil. Singh et al. [17], employed ethanol 
and methanol (1:10) co-solvent system for the synthesis of substituted Phenol and 
aromatic ethers. Figure 3 presents a semi-continuous process biomass liquefaction 
flow chart.

Lignin HTL is therefore suitable technology for effectively converting it into use-
ful products with high selectivity, and quality. Table 2 reviewed the literature works 
on the HTL of lignin into reported products, highlighting the recounted yields and 
the major bifunctional chemicals obtained.

5. Factors affecting lignin hydrothermal liquefaction

5.1 Effect of temperature/heating rate

The reaction temperature is the predominant factor in thermo-chemical pro-
cesses like liquefaction. Lignin HTL is a temperature dependent process, since the 
degree of liquefaction increases with increasing reaction temperature. A careful 
selection of the heating rate is desired in reducing the rate, at which, condensation 
of unsaturated oligomeric phenol occur [38]. Depending on the temperature, HTL 
is sub-divided into subcritical liquefaction and supercritical liquefaction. Figure 4 
presents the effect of reaction temperature on yield of different feedstock reported 
in the literature.

From the reported result, degradation temperature for lignin feedstock is 
between 200 and 300°C. Higher temperature beyond 300°C tends to reduce bio-
crude oil yield. According to Hu et al. [40], lignin degradation is temperature 
dependent, in a manner that, increasing temperature in degradation of black liquor 
lignin was found to have favored bond cleavage, and elimination of functional 
groups, and carbonization. To add to this, Yang et al. [33] found that, temperature 
affected products distribution much more than reaction time.

5.2 Effect of catalyst type/concentration

Different classes of catalysts have already shown positive impact during lignin 
degradation. From Table 3, it could be argued that homogenous catalyst like NaOH, 
were found suitable [37, 41]. Also, mixed oxide catalysts [12] are increasingly been 
investigated. However, recent literature trend, suggested a paradigm shift towards 
ionic liquids.

Ionic liquids [ILs] application in biomass refining has received increasing atten-
tion, recently. ILs catalysis in lignin degradation, specifically, have received appre-
ciable attention. Different classes of ILs including biocompatible, bio-renewable, 
protonic ILs have been investigated [42]. The main factor affecting lignin HTL 
using ILs as catalysts, and/or co-solvents is their selectivity. This selectivity of ILs 
revolves around the cationic alkyl chain length, anionic hydrophobicity, tempera-
ture and solvent type among others. The catalytic activity of acidic ILs, for example, 
is largely associated with the Lewis/Bronsted acidity of the alkyl chain length.

Significant acidity of ILs catalysts is derived from inter-molecular bonding 
interactions. This is in contrast to the acidity of conventional acid catalysts, whose 
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Catalyst Chemical composition Feedstock used Efficiency/findings Ref.

NaOH - Sugarcane 
bagasse.

The efficiency was achieved 
using 4% NaOH caused 
a decrease in ester linked 
p-coumarates in the residues, 
while at 9% NaOH both 
p-coumarates and ferulates 
decreased. The last was symbolic 
for the degradation of particular 
β–O–4 linkages.

[36]

RANEY 
Nickel

Nickel (88 wt%) and 
aluminum (12 wt%).

Enzymatic 
hydrolysis 
lignin.

The catalyst produced more 
carbon dioxide in the gaseous 
phase at the expense of low 
C2–C4 and much phenol in the 
organic phase in comparison to 
catechol and guaiacol. Low char 
formation was also observed.

[13]

Raney Nickel 
2400, 4200

Nickel (81 wt%), 
aluminum (6 wt%), iron 
(2 wt%) and chrome (2 
wt%).

Organosolv 
lignin.

The catalyst favored the 
production of phenol in all cases. 
However, the efficiency depends 
on the Ni/Al ratio and other 
promoter metallic composition of 
the catalysts.

[4]

Ionic liquids 1-ethyl-3-
methylimidazolium acetate 
([emim][OAc]).

Wheat straw The use of the ionic liquid was 
effective in selective fractionation 
of cellulose, hemicellulose and 
lignin into relatively high purity 
fractions. The catalyst was also 
effective in the valorization of the 
phenolic fraction.

[39]

Dual catalyst 
(choline-
derived ionic 
liquids and 
Pd/C).

[Ch][Ace]; [Ch][CF3CO2]; 
[Ch][H2PO4]; [Ch][Lev], 
and [Ch]-[MeSO3] with 
Pd/C.

Kraft lignin The phenol and catechol 
production was virtually the 
same, since the catalytic activity 
was dependent on the cation and 
anions combinations

[24]

Figure 4. 
Effect of reaction temperature on lignin liquefaction for different feedstock. Data obtained from feedstock reported 
including; sugarcane bagasse [38, 42–44]; agricultural waste [15]; Loblolly pine [45]; Pinewood [25].
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The use of co-solvent system in biomass liquefaction and by extension, lignin 
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acidity is derived from their protonation. Therefore, the former exhibited the ten-
dency towards eliminating reactor corrosion; a major reaction engineering problem 
that has been posing serious challenges. It was postulated that, lignin dissolution 
was aided via a π–π interaction between an alkyl imidazolium chloride catalyst and 

Catalyst Chemical composition Feedstock used Efficiency/findings Ref.

K2CO3 LignoBoost 
Kraft lignin

Increasing mass fraction of 
K2CO3 resulted in remarkable 
increasing in phenolic oil yield, 
showing selectivity towards 
anisole, alkylphenol and catechol

[11]

NaOH - Kraft lignin The base-catalyzed lignin 
de-polymerization yielded 
8.4 wt% monomeric-rich 
fraction. The catalyst favored 
deoxygenated aliphatic OH and 
guaiacyl groups.

[46]

Ionic liquids The ILs including 
1-(4-sulfobutyl)-3-methyl 
imidazolium hydrosulfate 
([C4H8-SO3Hmim]HSO4), 
N-methyl imidazolium 
hydrosulfate. HSO4), 
1-butyl-3-methyl 
imidazolium hydrosulfate 
([bmim] HSO4), and 
1-(2-carboxyethyl)-
3-methyl 
imidazolium chloride 
([C2H4COOHmim]Cl).

Sugarcane 
bagasse

All ILs studied were very effective 
towards total degradation of 
lignin components, showing 
excellent recyclability up to 
five times. However, the results 
into numerous products which 
caused characteristic separation 
difficulty.

[43]

Palladium 
catalysts

Commercially available 
catalysts, (10%) Pd/C, 
(30%) Pd/C, Pd(OH)2/C, 
Pd(OAc)2, Pd-PEPPSI-iPr 
and Pd/Lindlar.

Spruce 
lignin; lignin 
from acidic 
hydrolysis; 
enzymatic 
hydrolysis; 
acidic 
hydrolysis; 
strong acidic 
hydrolysis; 
desulfonated 
Kraft lignin.

[14]

Mixed oxides 
catalysts

A γ-Al2O3 and active 
carbon (AC) supported 
metallic (Pt, Ru, and Ni).

It was reported that the metallic 
catalysts did not have significant 
change in the yield, generally, but 
Ni and Ru showed preferential 
improved yield than Pt

[12]

Ionic liquids Dialkylimidazolium-based 
e.g ([C4mim]MeSO3); 
([C4mim]OAc); ([C4mim]
Cl).

Regenerated 
lignin

The pH, IL composition, and 
IL content were established 
to significantly affect the 
degradation and chemical 
conversion of lignin structure. 
It was concluded that low pH 
helped lignin depolymerization 
nevertheless destroyed the 
substructure of lignin.

[40]

Table 3. 
Effect of catalysts on lignin degradation for different feedstock.
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the π–bond in the aromatic rings structure of lignin, suggesting the additional dis-
solution potentials of alkyl based ILs [9]. According to Zhuo et al. [44]; the acidity 
of 2-phenyl-2-Imidazoline based ILs with shorter-side chain length at C-1, was 
found to be higher than same ILs having longer-side chain length; and were both 
lower than –SO3H functionalized ILs.

Dual-functionalized ILs have even greater acidity. Products distribution is also 
associated with the acidity of ILs as catalysts/co-solvent medium employed. Highly 
acidic medium preferentially favored hydrolysis reaction, yielding water-soluble 
products. While basic medium promotes liquefaction reactions, yielding organic 
products [23].

However, the most attractive ILs in this field, nowadays, are the deep eutectic 
solvents (DESs) [45, 47]. Additional properties of DESs including; low volatility, 
thermal and chemical stability, high selectivity, green characteristic; ease of prepa-
ration [28, 48] are among their added advantages of DESs as catalysts. The chem-
istry of these catalysts suggests that their delignification efficiency was dependent 
on the acidic amount, its strength, chemical composition of the quaternary salt and 
the nature of the hydrogen bond acceptor or both [45, 49]. Liu et al. [23], conducted 
the selective hydrogenolysis of Kraft lignin into mono-phenol, catalyzed by using 
Choline-derived DESs, in which, [Ch][MeSO3] showed excellent lignin dissolution, 
resulting from its strong acidity and better thermal stability.

Accordingly, Wu et al. [47] investigated among others, the lignin extractability 
of monocarboxylic acids, dicarboxylic acids and polycarboxylic acids based DESs. 
The authors reported monocarboxylic acids with high acidic strength showed 
improved lignin extractability, as compared to low acidic monocarboxylic acids 
and dicarboxylic acids, due to carbon dioxide liberation in case of using dicarox-
ylic acids. Controversially, the low viscosities of polycarboxylic acids makes their 
hydroxyl group available for interaction with the etherified hydroxyl components 
of the lignin, thus; resulting in high lignin extraction [47].

Apart from their general applications in biomass refining including lignin 
degradation, ILs have been reportedly used in selective production and isolation 
of biorefinery products such as furfural [48], total reducing sugars [44, 50], and 
glycerin separation [51]. For example, in place of microwave assisted methylation, 
the selective oxidation of these benzylic alcohols in lignin into benzylic ketones, 
prior to the β–O–4 hydrogenolysis treatment has been reported [52].

Technically, two-step lignin depolymerization involving the selective oxidation 
of primary benzylic alcohols into benzylic ketones on one side and its succeeding 
β–O–4 cleavage; would have been the most favorable conversion route. However, 
challenges associated with the low products yields and poor selectivity remained 
unresolved. Unlike the methylation route, the benzylic ketone (selective oxidation) 
route, showed low products yield and selectivity as well. In addition, products 
separation becomes challenging on a large scale [41].

5.3 Effect of reaction time

The effect of reaction time during lignin degradation was studied by Yuan 
et al. [53]. The authors discovered that; long reaction time was needed to ensure 
complete degradation of all ether bonds in lignin, and gradual degradation of the 
stable C–C bonds, afterwards. Long reaction induction period of the intermedi-
ates enabled secondary reactions including re-polymerization, cross-linking and 
rearrangement, thereby forming marginally higher products yields. Reaction 
time has significantly influenced the properties of individual lignin liquefaction 
products. According to Chen et al. [12], reaction time had no significant effect on 
products yield.
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the π–bond in the aromatic rings structure of lignin, suggesting the additional dis-
solution potentials of alkyl based ILs [9]. According to Zhuo et al. [44]; the acidity 
of 2-phenyl-2-Imidazoline based ILs with shorter-side chain length at C-1, was 
found to be higher than same ILs having longer-side chain length; and were both 
lower than –SO3H functionalized ILs.

Dual-functionalized ILs have even greater acidity. Products distribution is also 
associated with the acidity of ILs as catalysts/co-solvent medium employed. Highly 
acidic medium preferentially favored hydrolysis reaction, yielding water-soluble 
products. While basic medium promotes liquefaction reactions, yielding organic 
products [23].

However, the most attractive ILs in this field, nowadays, are the deep eutectic 
solvents (DESs) [45, 47]. Additional properties of DESs including; low volatility, 
thermal and chemical stability, high selectivity, green characteristic; ease of prepa-
ration [28, 48] are among their added advantages of DESs as catalysts. The chem-
istry of these catalysts suggests that their delignification efficiency was dependent 
on the acidic amount, its strength, chemical composition of the quaternary salt and 
the nature of the hydrogen bond acceptor or both [45, 49]. Liu et al. [23], conducted 
the selective hydrogenolysis of Kraft lignin into mono-phenol, catalyzed by using 
Choline-derived DESs, in which, [Ch][MeSO3] showed excellent lignin dissolution, 
resulting from its strong acidity and better thermal stability.

Accordingly, Wu et al. [47] investigated among others, the lignin extractability 
of monocarboxylic acids, dicarboxylic acids and polycarboxylic acids based DESs. 
The authors reported monocarboxylic acids with high acidic strength showed 
improved lignin extractability, as compared to low acidic monocarboxylic acids 
and dicarboxylic acids, due to carbon dioxide liberation in case of using dicarox-
ylic acids. Controversially, the low viscosities of polycarboxylic acids makes their 
hydroxyl group available for interaction with the etherified hydroxyl components 
of the lignin, thus; resulting in high lignin extraction [47].

Apart from their general applications in biomass refining including lignin 
degradation, ILs have been reportedly used in selective production and isolation 
of biorefinery products such as furfural [48], total reducing sugars [44, 50], and 
glycerin separation [51]. For example, in place of microwave assisted methylation, 
the selective oxidation of these benzylic alcohols in lignin into benzylic ketones, 
prior to the β–O–4 hydrogenolysis treatment has been reported [52].

Technically, two-step lignin depolymerization involving the selective oxidation 
of primary benzylic alcohols into benzylic ketones on one side and its succeeding 
β–O–4 cleavage; would have been the most favorable conversion route. However, 
challenges associated with the low products yields and poor selectivity remained 
unresolved. Unlike the methylation route, the benzylic ketone (selective oxidation) 
route, showed low products yield and selectivity as well. In addition, products 
separation becomes challenging on a large scale [41].

5.3 Effect of reaction time

The effect of reaction time during lignin degradation was studied by Yuan 
et al. [53]. The authors discovered that; long reaction time was needed to ensure 
complete degradation of all ether bonds in lignin, and gradual degradation of the 
stable C–C bonds, afterwards. Long reaction induction period of the intermedi-
ates enabled secondary reactions including re-polymerization, cross-linking and 
rearrangement, thereby forming marginally higher products yields. Reaction 
time has significantly influenced the properties of individual lignin liquefaction 
products. According to Chen et al. [12], reaction time had no significant effect on 
products yield.
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5.4 The effect of reaction time

The composition of lignin is yet, another important factor in its degradation. 
Zhou [18] observed that, the yield of water-soluble hydrocarbons during HTL of 
Kraft lignin was low as compared to the yield of same components in liquefaction 
of sawdust. They attributed their finding to the composition of Kraft lignin, having 
low carbohydrate content. Another important factor in lignin degradation is the 
composition of the solvent. According to Yuan et al. [53], the composition of solvent 
greatly influenced the products distribution. They observed that; phenol addition 
in the reaction medium hindered side reactions like re-polymerization of products 
intermediates, resulting in low residue formation. Using co-solvent system showed 
improved lignin degradation, specifically, water-ethanol co-solvent degradation 
was much effective as compared to individual mono-solvent systems [12].

6. Composition of liquefaction products

As earlier discussed, decomposition of the different classes of lignin compo-
nents (p-coumaryl, coniferyl and sinapyl alcohols) results in complexing chemical 
products, intermediates and by-products during liquefaction. Characteristically, 
p-coumaryl alcohols decomposed into corresponding hydoxyphenyl derivatives 
(H-type) including Phenol, Phenol-methyl-, Phenol-di-methyl-, Methylphenol and 
other secondary Benzoic acid hydroxyl- derivatives.

The guaiacyl derivatives (G-type) are largely containing methoxyphenol, 
methyl methoxyphenol, vinylphenol, methoxy propyl and vanillin. According 
to Zhou [15], the products distribution from an organosolv liquefaction of Kraft 
lignin, for example; suggested up to 65 wt% constituted of volatile products, of 
which 78 wt% was made up of 2-methoxyphenol.

6.1 Phenol

Phenol and its derivatives are probably the most interesting products of lignin 
liquefaction. Phenol and its derivatives formed the major composition of HTL of 
lignin and its compounds. Selective cleavage of the different ether bonds (C–O–C), 
yield highly phenolic products, showing excellent fuel additive properties, when the 
oxy-aromatic configuration is retained [11]. Phenolic compounds formed the greater 
composition in bio-crude oil obtained from Corncob lignin degradation. Generally, 
phenolic products from lignin degradation are classified as G-phenols (methoxy 
phenols), S-phenols (dimethoxyphenols) and H-phenols (methylphenols).

Khampuang et al. [54], conducted an alkali catalyzed Corncob liquefaction in 
supercritical water-ethanol, with phenol and its derivatives (phenol, 4-methoxy-
acetate; phenol, 2-ethyl-; phenol, 4-ethyl-2-methoxy-; phenol, 2,6-dimethoxy-), 
constituting major proportion of the bio-crude oil. Figure 5 presents some selected 
Phenolic products from HTL of lignin.

Similarly, Riaz et al. [55], confirmed the presence of monomeric phenol as 
one of the major components of bio-crude oil obtained from the acid hydrolysis 
lignin degradation in supercritical ethanol. The authors noted that, though, phenol 
(C6H5OH) was the major product, traces of methyl, methoxy, and ethyl groups were 
equally observed. Base catalyzed HTL of lignin seems to promote phenol formation. 
According to Nazari et al. [56], phenol derivatives (mainly 2-methoxy phenol), and 
aliphatic compounds, constituted significant composition of bio-crude oil yield, 
resulting from the use of base catalyst (KOH). Yuan et al. [53], reported that, higher 
temperature, and long reaction time increased the phenol combination rate, leading 
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to re-polymerization, and cross-linking among phenol and the side chains of the 
degraded lignin. Yang et al. [33], found that, compounds in bio-crude oil had extra 
active sites than the parent lignin, signifying that the bio-crude oil obtained from 
lignin degradation was a promising feedstock for industrial synthesis of phenol 
formaldehyde adhesive. Decomposition of p-coumaryl alcohol (H-type), yield 
significant bio-crude oil with high amount of phenol.

6.2 Guaiacol

The widely accepted mechanism for the production of guaiacol is via β–O–4 bond 
cleavage. Recalling that, β–O–4 bond is the predominant in lignin structure, large 
quantity of guaiacol is expected during HTL. The production of guaiacol depends 
on the cleavage of C–O and C–C bonds during lignin degradation [14]. Increasing 
reaction temperature reduces the yield of guaiacol-derivatives at the expense of their 
benzendiol counterparts (Catechol). This was confirmed by the work of Nguyen 
et al. [11], who reported that, base catalysts, such as K2CO3 tend to decrease the yield 
of guaiacol and increasing the yields of catechol. Zhou [18], conducted the HTL 
conversion of Kraft lignin, indicating the predominance of guaiacol (19–78 wt%), 
depending on reaction conditions. The bio-crude oil yield was indicated by improved 
sum of phenolic –OH groups present in Kraft lignin and, diminished amount of 
β–O–4 linkages, hydroxyl groups, carbonyl groups, aromatic rings. Thus, suggested 
that, the guaiacol yield obtained via HTL of lignin was much higher than that 
obtained from its liquefaction. Figure 6 presents some Guaiacol derivatives reported 
from HTL of lignin. Figure 6 presents the relative distribution of products.

6.3 Catechol

Catechol exists in different monomer forms including pyrocatechol, 3-meth-
ylcatechol, 4-methylcatechol, propylcatechol, 4-ethylcatechol and so on. Its pro-
duction mechanism reported by authors differ. For example, Beauchet et al. [13] 
proposed the production of pyrocatechol, and methanol via direct hydrolysis of 
O–CH3 bond, while its decarboxylation at ether bond of 3-hydroxy-4-methoxyben-
zeneacetic acid, yielded significant proportion of methylcatechol. Figure 7 presents 
some selected catechol derivatives.

Forchheim et al. [14], proposed lignin degradation, and found that, RANEY 
Nickel catalyst favored ether bond cleavage near critical water condition. Authors 
also noted the conversion of catechol into phenol as the secondary degradation 

Figure 5. 
Some phenolic products from HTL of lignin.
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to re-polymerization, and cross-linking among phenol and the side chains of the 
degraded lignin. Yang et al. [33], found that, compounds in bio-crude oil had extra 
active sites than the parent lignin, signifying that the bio-crude oil obtained from 
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Figure 5. 
Some phenolic products from HTL of lignin.
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product. Guaiacol degradation also yield catechol, whereas, catechol losses one –OH 
group to form phenol at high temperature [9]. Generally, high-temperature and 
short time favored the formation of catechol, and subdues the formation of char 
and gaseous components [14]. Depending on the temperature, HTL is sub-divided 
into subcritical liquefaction and supercritical liquefaction. Figure 8 presents the 
relative products distribution in lignin degradation on yield of different feedstock 
reported in the literature.

Catechol formation was discussed by Hu et al. [40] suggesting that; it is largely 
formed by the preferential elimination of methoxyl group depending on the 
truncated strength of the Aryl–OCH3 (DBE = 273 KJ/mol) to the Aryl–O–CH3 
(DBE = 416.7 KJ/mol) bond. Specifically, with increasing reaction temperature, 

Figure 7. 
Structures of some catechols.

Figure 6. 
Some guaiacol derivatives from HTL of lignin.
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simultaneous pyrolysis and hydrolysis reactions taking place favored catechol for-
mation. Lignin depolymerisation kinetics designated the decomposition of catechol 
into phenol, preferentially at high temperature and long reaction time [20]. Berstis 
et al. [10], demonstrated the use of density functional theory in predicting the rela-
tive energetics as well as bond dissociation enthalpies of the different benzodioxane 
linkages in lignin (C–C, C–S, C–G, C–H).

The index of hydrogen deficiency or double bond equivalence is calculated by 
the formula proposed by Pedersen and Rosendahl [29] as given below:

  Ω =  (2 + 2C − H)  / 2  (1)

Figure 9 presents the relative distribution of products. Guaiacol – catechol – 
phenol interaction was considered as an important factor in lignin degradation 
kinetic studied by Forchheim et al. [14], because, phenol has better stability than 
either of guaiacol or catechol. Figure 9, proposed reaction pathways for hydrother-
mal lignin degradation.

Figure 9. 
Proposed reaction pathways for hydrothermal lignin degradation [14].

Figure 8. 
Relative products distribution in lignin degradation. Palm kernel shell, wheat straw, and pine sawdust [31], 
cotton exocarp and mushroom substrate of cotton [22], hardwood [35], and sugarcane bagasse [38].
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7. Useful compounds and their applications

7.1 Useful compounds obtainable from HTL process

A significant number of chemicals compounds are theoretically and practically 
obtainable from HTL process. According to the broad literature available, these 
compounds are classified into phenols, guaiacols and catechols. However, deriva-
tives of these principal groups have been widely reported. For example, lignin 
phenolic compounds have been produced by different research groups.

HTL products are largely rich in ortho-methoxyphenolic compounds which are 
detected by the presence of –OCH3 in their NMR spectra. This high volume product 
has chemical and biochemical applications including the manufacture of drugs 
and in clinical diagnosis. For example, the monitoring of wood smoke exposure by 
urinary assay was conducted by measuring the ortho-methoxyphenols. The produc-
tion of perfumes, disinfectants resulting from its anti-oxidant properties, and 
as starting material for the synthesis of guaiacol compounds has been reported. 
Similarly, 3-methoxyphenol have dual functions as catalyst and building block in 
synthesis of anti-oxidants. Guaiacol is obtained by destructive distillation of phenol 
fraction of coal tar.

8. Pyrolysis of lignin

Pyrolysis of lignin has been one of the degradation techniques reported. Wang 
et al. [57] compared the pyrolytic behavior of different lignin (Manchurian ash 
and Mangolian Scot pine). The authors concluded that, the differences in pyrolytic 
behavior of the lignin studied were attributed to variation in their composition, and 
degradation temperature. High methanol yield was observed from degradation of 
hardwood, due to its higher methoxy group content, while the secondary methanol 
yield was attributed to aromatic ring degradation at high temperature.

Although HTL and pyrolysis of lignin are closely related, there exist some 
fundamental differences in their products. For example, Haarlemmer et al. [7], 
observed that, bio-crude oil (obtained from HTL) had higher acidity and iodine 
value as compared to an inverse relationship observed in bio-oil (obtained from 
pyrolysis) from the same feedstock. According to these authors, HTL oils are very 
viscous, and had strong black oil smell. It also had higher heating value (35–40 MJ/
kg). HTL bio-crude oil is typically proposed as diesel substitute after catalytic 
upgrading. On the contrast, Pyrolysis oil is often presumed as substitute for fuel oil, 
and had smoky odor, and is less viscous, with heating value similar to that of the 
parent biomass. Table 4 presents the comparative properties of biomass fuels with 
standards.

Like HTL of lignin, the products distribution during pyrolysis of lignin also 
depends on the composition of the feedstock. Chang et al. [24], conducted the 
Py-GC/MS degradation of palm kernel shell. Accordingly, the primary composi-
tion of the feedstock indicated the predominance of p-hydroxyphenyl structural 
units, resulting in high phenolic products, often its degradation. In contrast, pine 
sawdust and wheat straw contained largely guaiacyl units, and often degradation, 
yielded significant proportion of methoxy groups. Similarly, Biswas et al. [58], 
reported the slow pyrolysis of prot, alkali and dealkaline lignin for the produc-
tion of chemicals. Among these types, alkali lignin was reported to have highest 
bio-oil yield (34.1%). Bio-oil products showed the presence of guaiacol, syringol, 
alkylphenols and catechol; depending on the pyrolysis conditions and nature of 
lignin used.
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Pyrolysis of lignin-rich biomass from cotton by-product was conducted by Chen 
et al. [21]. Maximum bio-crude oil yield from fast pyrolysis was 58.13 (wt%) and 
45.01 (wt%) at 600°C for cotton exocarp and spent mushroom substrate of cot-
ton by-products, respectively. As compared to cellulose and hemicellulose, lignin 
degradation occur slowly and within wide temperature range (150–780°C).

9. Hydrolysis of lignin

Raiz et al. [55], conducted the concentrated sulfuric acid hydrolysis of lignin in 
supercritical ethanol, reporting significant reduction in oxygen content (44 wt%), 
resulting from improved deoxy-liquefaction. Bio-oil obtained from this work, had 
higher heating value, improved energy recovery, and energy efficiency.

Like liquefaction, hydrolysis bio-oil was rich in Phenol, esters, hydrocarbons, 
furan and alcohol. Ji et al. [59], conducted the hydrolysis of wheat straw in a 
dilute sulfuric acid medium using a continuous reactor. The maximum reducing 
sugar yield obtained was as high as 60.8 wt%, constituting furfural as the major 
by-product.

10. Other technologies

A number of emerging lignin degradation techniques are coming up by the day. 
Recently, a two-step lignin depolymerisation was reported, in which, lignin was 
methylated using micro-wave irradiation in the presence of benzylic alcohols. The 
first step of the reaction proceeded via catalytic hydrogenolysis of β–O–4 bond [52]. 
Similarly, in place of microwave assisted methylation, the selective oxidation of these 
benzylic alcohols in lignin into benzylic ketones, prior to the β–O–4 hydrogenolysis 
treatment has been reported [60]. Technically, two-step lignin depolymerization 
involving the selective oxidation of primary Benzylic alcohols into Benzylic ketones 
on one side, and its succeeding β–O–4 cleavage; would have been the most favorable 

Standard Diesel Biodiesel Marine  
heavy fuel oil

Hydrothermal 
oil

Pyrolysis 
oil

NF EN 
228

NF EN 
14214

NF ISO 8217 In 
progress

Density at 15°C  
(kg m−3)

820–845 860–900 920–1010 1.14 1.1

Carbon residue (%) <0.3 <0.3 <2.5–20 17–24 11–13

Total acid number (mg 
KOH/g)

<0.5 <0.5 <0.5 32–67 45–109

Iodine value (g12/100 
of fuel)

NA <120 NA 126–127 147–203

Higher heating value 
(MJkg−1)

45 ≥35 NA 27–30 21–30

Water content (%) <0.02 <0.05 <0.033 <1 8–20

Viscosity at 40°C 
(mPas)

3–4 <4 8.5–690 67,000 13–70

Table 4. 
Comparative physico-chemical properties of different biomass oils [7].
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conversion route. However, challenges associated with the low products yields and 
poor selectivity remained unresolved. Unlike the methylation route, the benzylic 
ketone (selective oxidation) route, showed low products yield and selectivity as well. 
In addition, products separation becomes challenging on a large scale [41].

11. Conclusions

Lignin degradation chemistry revolves around its β–O–4 bond cleavage. 
Products selectivity during its degradation is largely dependent on the catalysts 
employed, while the yield partly depends on the feedstock and reaction condi-
tions. Temperature is the predominant factor influencing the reaction. Ionic liquids 
catalysts showed increasing research interest in biomass, and lignin liquefaction, 
owing to their interaction with lignin structure. Phenolic products are formed 
from selective cleavage of the different ether bonds (C–O–C). Increasing reaction 
temperature reduces the yield of guaiacol-derivatives at the expense of catechol. 
Catechol is formed via hydrolysis of O–CH3 bond, and decarboxylation at ether 
bonds. Guaiacol – catechol – phenol interaction was considered as an important 
factor in lignin degradation kinetic studies. Although HTL and pyrolysis of lignin 
are closely related, there exist some fundamental differences in the products.
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Chapter 6

Biodiesel Production as a
Renewable Resource for the
Potential Displacement of the
Petroleum Diesel
Ifeanyichukwu Edeh

Abstract

In the quest to comply with the Intergovernmental Panel on Climate Change
(IPCC) on reducing the global temperature to 1.5–2.0°C as a measure to minimize
the climate change caused by the emission of greenhouse gases from the combus-
tion of fossil fuels, and the need for replacement of these fossil fuels, which are also
generally believed to be depleting, biodiesel is being studied as a potential replace-
ment for the conventional petroleum diesel. This fuel among other desired proper-
ties is renewable, biodegradable, sustainable, and emits less particles. It also
contains no amount of sulfur, in addition to possessing most of the good character-
istics of petroleum diesel. At the moment, more than 95% of biodiesel produced
globally is obtained from vegetable oil feedstocks, which are usually very expensive
and thus, without tax waiver and subsidy, makes biodiesel non-competitive with
the petroleum diesel. Based on this, non-edible feedstocks are being investigated.
Although, their oil yield is low, studies are carried out to ensure efficient extraction.
The economics of the process is considered to determine the most economic vari-
ables that impact the profitability of biodiesel production. This chapter deals with
the biodiesel classification, feedstocks, lipid/oil extraction, biodiesel production
methods and the economic aspect of the process.

Keywords: biodiesel, renewable, feedstocks, extraction, properties,
technologies, economics

1. Introduction

The need to substitute the conventional petroleum diesel with a renewable
alternative, one that is sustainable and environmentally friendly, has driven various
investigators over a decade now to research on the potentials of biodiesel [1]. This
has risen due to depletion of fossil fuels and emission of greenhouse gases such as
CO2 and methane upon combustion, which causes climate change, the result of
which is the rise in the global temperature above the nominal margin of 2°C with
the potential to extinct over 1 million species [2, 3]. Other adverse effects of this
global temperature rise also known as global warming include receding of glaciers,
rise in sea level and loss of biodiversity [4]. However, biodiesel is a renewable fuel
produced from the reaction between triacylglycerol or fatty acid with alcohol in the
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Although, their oil yield is low, studies are carried out to ensure efficient extraction.
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1. Introduction

The need to substitute the conventional petroleum diesel with a renewable
alternative, one that is sustainable and environmentally friendly, has driven various
investigators over a decade now to research on the potentials of biodiesel [1]. This
has risen due to depletion of fossil fuels and emission of greenhouse gases such as
CO2 and methane upon combustion, which causes climate change, the result of
which is the rise in the global temperature above the nominal margin of 2°C with
the potential to extinct over 1 million species [2, 3]. Other adverse effects of this
global temperature rise also known as global warming include receding of glaciers,
rise in sea level and loss of biodiversity [4]. However, biodiesel is a renewable fuel
produced from the reaction between triacylglycerol or fatty acid with alcohol in the

93



presence of a catalyst [5]. The fuel exists as liquid and consists of mono-alkyl esters
of long-chain fatty acids with similar characteristics as the conventional petroleum
diesel, making it a potential substitute [6]. Biodiesel is biodegradable, sustainable,
and nontoxic, and has less impact on the environment. The shortcomings of bio-
diesel include low energy density, relatively high production cost and poor cold
flow [7]. The global production capacity of biodiesel is envisaged to reach 12 billion
gallons by 2020 with Brazil, United States of America, Malaysia, Argentina,
Netherlands, Spain, Philippines, Belgium, Indonesia and Germany meeting more
than 80% of the world demand [8, 9]. In 2016, the biodiesel produced globally were
contributed mostly by USA and Brazil (see Table 1). Larger proportions of which
are consumed by countries such as USA, Brazil, Germany, Indonesia and France [2].
Countries like US, China and India are currently experiencing a great growth in the
biodiesel market with their respective governments planning to replace about 15%
of the conventional diesel with biodiesel by 2020.

2. Classification of biodiesel

Biodiesel can be classified into three types based on the kind of feedstocks used
in its production [10]. These are first-, second- and third-generation biodiesels.

2.1 The first-generation biodiesel

This type of biodiesel is produced using edible vegetable oils. These oils are
discussed in the next section. Biodiesel produced from these oils usually has the
following disadvantages [11–14]:

1.Poor storage

2.Oxidation stability

Country Biodiesel production/billion liters

USA 5.5

Brazil 3.8

Germany 3

Indonesia 3

Argentina 3

France 1.5

Thailand 1.4

Spain 1.1

Belgium 0.5

Colombia 0.5

Canada 0.4

China 0.3

India 0

Singapore 0

Table 1.
Countries with top biodiesel production in 2016.
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3.High feedstock cost, up to 60�80% of biodiesel production cost

4.Low heating value

5.Higher NOx emission compared to the conventional diesel fuel

6.Loss of biodiversity

2.2 Second-generation biodiesel

In order to minimize the over dependency on the edible vegetable oils feed-
stocks in biodiesel production, alternative sources from non-edible oils are
explored. Biodiesel produced from this type of oils is known as second-generation
biodiesel. The quality and yield obtained are similar to that from edible oils [15].
Lignocellulosic biomass (LCB) is also being considered as an alternative feedstock
to edible oil in biodiesel production probably because it is suspected to promote
faster production, less labour, more season and climate flexibility, easier scale-up,
and potential economic advantage [16]. This biomass can be derived from food
crops, non-food/energy crops, forest residue and industrial process residues (see
Table 2). But, the most predominant is agricultural crop residues [17]. Although,
some of the LCB resources might not be suitable for energy production, probably
due to their wide dispersal or low bulk density, which makes energy recovery,
transport and storage expensive [18]. Generally, the production of biodiesel
from lignocellulosic biomass is hampered due to lack of economically feasible
technologies [18].

Food crops Non-food/energy
crops

Forest residue Industrial process
residues

*Rice straw *Cardoon (Cynara
cardunculus, L.)

*Tree residue (twigs, leaves, bark,
and roots)

*Rice husk

*Wheat straw *Giant reed
(Arundo donax L.)

*Wood processing residues
(sawmill off-cuts and sawdust)

*Rice bran

*Sugarcane tops *Salix *Recycled wood (from demolition
of buildings, pallets, and packing
crates)

*Sugarcane bagasse

*Maize stalks millet *Jute stalks *Coconut husks

*Groundnut stalks *Willow *Maize husks

*Corn straw *Poplar *Groundnut husks

*Soybean residue *Eucalyptus

*Residue from
vegetables

*Miscanthus

*Residence from
pulses

*Reed canary grass

*Switch grass

*Hemp

Table 2.
Sources of lignocellulosic biomass for biodiesel production [17].
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2.3 Third-generation biodiesel

This is produced from micro-and macro-species including algae [11]. Third-
generation biodiesel is discussed further in Section 3.2.

2.4 Fourth-generation biodiesel and speculations

This can be produced from feedstocks that possess the capability of being genet-
ically modified, accumulate large quantity of biomass, and can be utilized in photo-
biological solar cells with the ability to convert solar energy directly to usable biodie-
sel. Example of such feedstocks is algal species. This concept focuses on producing
biodiesel in addition to developing a means of trapping and storing CO2. The method
of producing this energy is similar to that of the second-generation biofuels, except
that CO2 is arrested at each stage of the production using techniques such as oxy-fuel
combustion. The CO2 trapped is stored in saline aquifers, gas fields or old oils through
the method known as geo-sequestration. The process has the capacity to trap carbon
inclusively making it ‘carbon negative’ as opposed to ‘carbon neutral’ [2, 19].

3. Feedstock for biodiesel production

These include edible and non-edible oils, and are presented below.

3.1 Edible oils for biodiesel production

At the moment, over 95% of biodiesel globally is produced from edible vegetable
oils. The commonly used of these oils are palm oil, soybean, coconut oil, rapeseed
and sunflower due to their availability [12–15, 19–20]. Rapeseed oil, sunflower oil,
palm oil and soybean oil are used in Europe, Malaysia, Indonesia, Philippians and
US, respectively to produce biodiesel [21]. There is no doubt that the use of these
feedstocks for biodiesel production competes with their need for human consump-
tion and some other applications, the disadvantage of which is insecurity, high cost
of production and potential depletion of ecological resources due to some agricul-
tural practices. Biodiesel produced from these oils usually has the disadvantages
highlighted in Section 2.1 [12–14, 21]. The sources of edible oil and the respective
yield of oil are presented in Table 3.

3.2 Non-edible oils for biodiesel production

Non-edible oils are cultivated on lands requiring minimum attention and as such
are less expensive compared to edible oils [22]. These oils include jatropha, karanja,
polanga, cotton seed, Simmondsia chinensis (jojoba), tobacco, neem, linseed, rice

S/N Source Yield

1. Rapeseed (Brassica oilseed) 38–46

2. Coconut 63–65

3. Soybean 15–20

4. Palm 30–60

5. Sunflower 25–35

Table 3.
Sources of edible oil used in biodiesel production [11].
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bran oil, microalgae, mahua, waste cooking oil, animal fats, activated sludge lipid
and rubber seed oils, and are used for biodiesel production [5, 23–28], see Figure 1.
The work done by Bankovic-lli et al. revealed that jatropha, karanja, mahua and
castor are the most commonly sourced non-edible oils for biodiesel production [22].
The methyl esters of these oils can be blended with edible oils such as palm oil to
produce an alternative to the conventional diesel fuels, which conforms to the
standards of US ASTM D 6751 and European EN 14214 [32].

3.2.1 Advantage of non-edible oils

These include

1.Could be a replacement for edible oils in biodiesel production [32–34]

2.Contain toxicmaterials, whichmake themunsuitable for human consumption [35]

3.Naturally available [33]

4.Inexpensive as they are planted in wastelands and no intensive care needed [22].

Figure 1.
Sources of non-edible oils used in biodiesel production [29–31].
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3.2.2 Examples of non-edible oil used for biodiesel production

Some of these non-edible oils are discussed in more detail below:

3.2.2.1 Waste cooking oil (WCO)

This oil maybe yellow or brown grease obtained from palm, canola, corn, sun-
flower and other edible oils. Usually, it is ubiquitous and inexpensive, making it
ideal for biodiesel production. In recent times, some researchers have demonstrated
that biodiesel can be produced from WCO by pyrolysis and transesterification
methods. The latter method is preferred due its low cost and simplicity [1]. The
performance of the process is usually measured in terms of yield and it depends on
factors such as catalyst, catalyst loading, temperature, time and methanol-to-oil
molar ratio (see Table 4).

3.2.2.2 Algae

The use of algae in biofuel production is gaining traction globally, especially as it
is considered to be safer, non-competitive and made up of microorganisms with
precocious growth. These organisms are aquatic and may be unicellular or
multicellular with over 300,000 species. The number is greater than plant species
and the organisms exhibit varying compositions, but are faced with higher cost of
production. Also, more complexity of processes and technology are required for
cultivation compared to plants [51]. Algae grow naturally in open ponds and can be
cultivated through tubular photobioreactors. The former is the oldest method
involving a simple and inexpensive process, compared to the latter, which enjoys
high productivity rate, less maturity time and the capacity to selectively produced
high lipid content using desirable algae species. Algae contain lipids, carbohydrates
and complex oil depending on their species [52–55]. The lipid content ranges from
20 to 80% depending on the various species. Some species such as Tribonema,
Ulothrix and Euglena are considered to possess high lipid content and have great
potential for biodiesel and kerosene production [56]. Efforts are being made to
increase the lipid content of algae by modifying the algae genome in charge of
nitrogen assimilation. This process could double the lipid content thereby increas-
ing the potential of the commercial production of biodiesel. However, the produc-
tion of algae is independent of season and it is characterized by an exponential
growth rate with capacity to double their biomass in about 3.5h [51]. This ensures a
relative abundance of algae on earth surface.

Algae are not edible and using them as a feedstock for biodiesel production poses
no threat to food production. They have the capability to convert carbon dioxide to
biofuels and oleochemical products [51]. The remaining biomass can be converted
into useful chemicals to generate more revenue to ameliorate the high economic
cost of the process.

3.2.2.3 Biodiesel production with algae as feedstock

Due to high lipid content and availability, several investigators have explored
the potential of algae as a feedstock for biofuel production. This usually begins by
selecting algae species with high lipid yield and very good fatty acid composition as
shown in Figure 2. The desirable algae species for the production of biodiesel is
usually selected based on growth rate, degree of survival and physicochemical
properties and fatty acid composition.
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The typical properties of biodiesel algae oil compared with standards and biodiesel
from other sources are presented inTable 5. Applying such biodiesel in an internal
combustion engine usually consumesmore fuel and has less thermal efficiency than
petroleum diesel. This may be due to its physicochemical properties such as higher
density and viscosity, lower calorific value and cetane number. The effect of this
problem can beminimized by blending it with petroleum diesel (up to 30%) [57–65].
The presence of excess oxygenmolecule in the algae biofuel ensures that complete
combustion is attained, thereby eliminating the emission of undesirable substances such
as hydrocarbons and carbonmonoxide. But, NOx emission like biodiesel from other
sources is high and can be reduced by the addition of n-butanol to the blends [63].

S/N Catalyst Reaction condition Biodiesel
yield (%)

References

1. Calcined chicken
manure

Catalyst loading 7.5wt%, temperature 65°C and
methanol-to-oil molar ratio 1:15

90 [36]

2. Chicken manure
biochar

Temperature 350°C 95 [37]

3. CsPW-CB Catalyst loading 2 wt%, methanol-to-oil molar
ratio 11:1, temperature 70°C and time 2.5 h

95.1 [38]

4. KOH Catalyst loading 1 wt%, methanol-to-oil molar
ratio 1:3, temperature 60°C and time 0.8 h

94 [39, 40]

5. Titanium iso-
propoxide

(TiO2) + graphene
oxide (GO)

Catalyst loading 1.5 wt%, methanol-to-oil molar
ratio 1:12, temperature 65°C and time 3 h

98 [41]

6. Calcium
diglyceroxide

Catalyst loading 1.03 wt%, methanol-to-oil molar
ratio 7.46:1, temperature 62°C and time 0.4 h

94.86 [40]

7. KOH Catalyst loading 1.5 wt%, methanol-to-oil molar
ratio 7:1, temperature 60°C and time 1.5 h

92 [42]

8. KOH Catalyst loading 1.16 wt%, methanol-to-oil molar
ratio 9.4:1, temperature 62.4°C and time 2 h

98.26 [43]

9. CaO/MgO Catalyst loading 6 wt%, methanol-to-oil molar
ratio 1:15, temperature 90°C and time 2 h

96.47 [44]

10. CaO Catalyst loading 5 wt%, methanol-to-oil molar
ratio 20:1, temperature 65°C and time 4 h

96.74 [45]

11. BaSnO3 Catalyst loading 6 wt%, methanol-to-oil molar
ratio 10:1, temperature 90°C and time 2 h

96 [46]

12. Sulphamic acid Catalyst loading 1 wt%, methanol-to-oil molar
ratio 10:1, temperature 110°C and time 2 h

95.6 [47]

13. Fusion waste
chicken and fish

bones

Catalyst loading 1.98 wt%, methanol-to-oil molar
ratio 10:1, temperature 65°C and time 1.5 h

89.5 [48]

14. Biomass fly ash Catalyst loading 10 wt%, methanol-to-oil molar
ratio 9:1, temperature 60°C and time 3 h

95 [49]

15. Kettle limescale Catalyst loading 8.87 wt%, methanol-to-oil molar
ratio 1.7:3, temperature 61.7°C and time 0.25 h

93.41 [43]

16. Calcium oxide
(CaO) nano-

catalyst

Catalyst loading 1 wt%, methanol-to-oil molar
ratio 8:1, temperature 50°C, time 1.5 h and particle

size 29 nm

96 [50]

Table 4.
Dependence of the yield of biodiesel from WCO on reaction parameters.
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ratio 8:1, temperature 50°C, time 1.5 h and particle

size 29 nm

96 [50]

Table 4.
Dependence of the yield of biodiesel from WCO on reaction parameters.
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3.2.2.4 Tea seed oil

This is one of the cheapest vegetable oils with an average price of US $514 per ton.
It is composed of predominantly unsaturated fatty acids with lower pour point,
making it suitable for biodiesel production [64]. The characteristics of biodiesel from
tea seed oil share some resemblances with those from vegetable oil, but it has lower

Figure 2.
Processes involved in applying algae as feedstock for the production of biodiesel at a small scale or experimental
level [56].

S/N Properties ASTM
6751-12

EN
14,214

Diesel Algae oil Palm oil Jatropha Karanja

1 Calorific value
(kJ/kg)

— — 43,000 40,072 37,800 39,000 39,200

2 Density (kg/L) 086–0.90 0.86–0.90 0.84 0.912 0.850 0.940 0.874

3 Viscosity @ 40°C
(mm2/s)

1.9–6.0 3.5–5.0 2.64 5.06 4.32 4.8 5.21

4 Cetane number >47 >51 53.3 46.5 55 50 50

5 Flash point (°C) 100–170 >120 71 145 167 135 100

6 Acid value (mg
KOH/g)

<0.5 <0.5 0.0 0.14 0.24 0.4 0.43

7 Oxidation stability
@ 110°C

3.0 >6.0 — 6.76 10.3 3.2 —

8 Oil yield (L/ha) — — — 58,000 5950 1892 2590

S/N is serial number.

Table 5.
Comparison between the fuel properties of algae oil and the petroleum diesel [51].
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pour point of �5 °C and is less viscous than biodiesel from palm oil, cotton seed oil
and peanut oil [1, 64, 66]. Like in algae biodiesel, the application of tea seed oil
biodiesel in internal consumption engine requires more fuel consumption and causes
high emissions of CO and CO2. To solve these problems, hydrogen is usually added to
the petroleum diesel and biodiesel blends, thereby improving the performance char-
acteristics of the engine. This gain is possible since there is absence of carbon atoms in
the chemical structure. But, the disadvantage is increased NOx emission [65].

3.2.2.5 Activated sludge

This sludge is a residue from the secondary/biological section of wastewater treat-
ment plant and composed predominantly of microorganisms [67]. It is being investi-
gated as a feedstock for biodiesel production probably due to its availability, lipid
content and possibility of obtaining it without any cost implication [5, 68–72].
The lipid/oil content is relatively low and various researchers have investigated the

S/N Source Characteristics Yield
(wt.%)

Fatty acid composition References

1. Karanja Grown in Southeast Asia, flowers
3–4 years after planting while

matures 4–7 years later, a single tree
yields 9–90 kg of seeds

25–40 Oleic (44.5–71.3%),
linoleic (10.8–18.3%)

and stearic acids
(2.4–8.9%)

[76–79]

2. Mahua Grown in Indian forest, produces
20–200 kg of seeds annually per tree
depending on maturity, starts to bear
seeds after 10 years of planting and

continues up to 60 years

35–50 Oleic (41–51%), stearic
(20.0–25.1%), palmitic
acid (16.0–28.2%) and

linoleic acids
(8.9–18.3%)

[51, 80–82]

3. Cotton Grown for cotton fiber in China,
United States and Europe, the seeds

contain non-glycerides such as
gossypol, phospholipids, sterols,
resins, carbohydrates and related

pigments

17–25 Linoleic (55.2–55.5%),
palmitic (11.67–20.1%)

and oleic acids
(19.2–23.26%)

[83–85]

4. Neem Can grow in different kinds of soils
such as saline, clay, dry, shallow,

alkaline and stony in Asian countries
including India, Malaysia and

Indonesia. It matures after 15 years
and has a life span of 150–200 years

20–30 Linoleic (6–16%), oleic
(25–54%) and stearic

(9–24%) acids

[17, 51,
85–87]

5. Tobacco Grown in countries such as Turkey,
Macedonia and North America for

leaf collection

35–49 Linoleic acid
(69.49–75.58%)

[88–91]

6. Rubber Forest-based tree largely grown in
Malaysia, India, Thailand and

Indonesia

50–60 Linoleic (39.6–40.5%),
oleic (17–24.6%) and

linolenic acid
(16.3–26%)

[20, 92–94]

7. Jatropha Grown in arid, semi-arid and tropical
regions, such as United States, Brazil,
Bolivia and Mexico. Produces seeds
after 12 months of planting, attain

optimum productivity by 5 years and
has a life span of up to 30 years

20–60 Linoleic (31.4–43.2%),
oleic acid (34.3–44.7%),
stearic (7.1–7.4%) and
palmitic (13.6–15.1%)

acids

[95–98]

Table 6.
Non-edible oils from the seeds of their respective trees used for biodiesel production.
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pour point of �5 °C and is less viscous than biodiesel from palm oil, cotton seed oil
and peanut oil [1, 64, 66]. Like in algae biodiesel, the application of tea seed oil
biodiesel in internal consumption engine requires more fuel consumption and causes
high emissions of CO and CO2. To solve these problems, hydrogen is usually added to
the petroleum diesel and biodiesel blends, thereby improving the performance char-
acteristics of the engine. This gain is possible since there is absence of carbon atoms in
the chemical structure. But, the disadvantage is increased NOx emission [65].

3.2.2.5 Activated sludge

This sludge is a residue from the secondary/biological section of wastewater treat-
ment plant and composed predominantly of microorganisms [67]. It is being investi-
gated as a feedstock for biodiesel production probably due to its availability, lipid
content and possibility of obtaining it without any cost implication [5, 68–72].
The lipid/oil content is relatively low and various researchers have investigated the
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alkaline and stony in Asian countries
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potential of increasing the yield using different methods to ensure its adaptability as a
substrate for biodiesel production. Notable among them are Edeh et al., who using the
combination of subcritical water technology and optimization increased the lipid yield
from 7.4 (wt./wt.)% to 41.0 (wt./wt.)% [28]. The predominant fatty acid in activated
sludge is palmitic acid [27]. Researchers have shown that activated sludge can be used
as a feedstock for biodiesel production. But, due to low yield of 3–6 wt%, (dry cell
weight), which is below the minimum of 10 wt.% (dry cell weight) required for
biodiesel to have an economic advantage over the conventional petroleum diesel, this
feedstock is still unattractive [60, 73–74]. Another problem is variation in the compo-
sition of fatty acids, which depends on the source and composition of wastewater and
season of collection, which affect the quality and yield of the biodiesel [5, 75].

Other non-edible oils used in the production of biodiesel are presented in Table 6.

3.2.3 Fuel properties of biodiesel produced from various non-edible oils

These properties depend on the fatty acid and chemical composition of the non-
edible oils. The fuel properties of biodiesel can be measured by using different
standards including ASTM D6751 and EN 14214. The most essential properties used
in assessing the suitability of biodiesel as fuel include density, flash point, cloud

Non-edible oil Density
at 40°C
(kg/m3)

Viscosity
at 40°C
(mm2/s)

Flash
point
(°C)

Cloud
point
(°C)

Pour
point
(°C)

Cetane
number

Calorific
value

(MJ/kg)

References

Karanja (Pongamia
pinnata L.)

876–890 4.37–9.60 163–
187

13–15 �3 to
5.1

52–58 36–38 [15, 77, 99–
101]

Polanga
(Calophyllum
inophyllum)

888.6–
910

4–5.34 151–
170

13.2–
14

4.3 57.3 39.25–
41.3

[15, 102]

Mahua (Madhuca
indica)

904–916 3.98–5.8 127–
129

3–5 1–6 51–52 39.4–
39.91

[15, 103–
106]

Rubber seed oil
(Hevea brasiliensis)

860–881 5.81–5.96 130–
140

4–5 –8 37–49 36.5–
41.07

[92, 107–
109]

Cotton seed 874–911 4–4.9 210–
243

1.7 �10
to
�15

41.2–
59.5

39.5–40.1 [110–112]

Jojoba oil
(Simmondsia
chinensis)

863–866 19.2–25.4 61–75 6–16 �6 to
6

63.5 42.76–
47.38

[113–116]

Tobacco oil
(Nicotiana
tabacum)

860–
888.5

3.5–4.23 152–
165.4

— �12 49–51.6 38.43–
39.81

[89, 90,
117]

Neem
(Azadirachta)

912–965 20.5–48.5 34 — — 51 33.7–39.5 [87, 110,
118, 119]

Linseed oil (Linum
usitatissimum)

865–950 16.2–36.6 108 1.7 �4 to
�18

28–35 37.7–39.8 [110, 120,
121]

Jatropha (Jatropha
curcas L.)

864–880 3.7–5.8 163–
238

— 5 46–55 38.5–42 [122, 123]

Diesel 816–840 2.5–5.7 50–98 �10 to
�5

�20
to 5

45–55 42–45.9 [124–126]

Table 7.
Properties of diesel fuel and those of biodiesel produced from non-edible oils.
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point, pour point, calorific value and cetane point (see Table 7). The standards for
measuring each property are presented in Table 8 [99].

4. Lipid/oil extraction methods

In most cases oils are extracted from the oil-bearing biomass, for example oil
seeds prior to use in biodiesel production. The methods used in oil extraction
include solvent extraction, critical fluid extraction, mechanical extraction, enzy-
matic oil extraction, microwave-assisted extraction (MAE) and ultrasound-assisted
extraction (UAE). They are discussed below:

4.1 Solvent extraction

This extraction method utilizes organic solvents extract lipid/oil from the oil-
bearing biomass. The organic solvents used include: hexane, chloroform, ethyl
ether, petroleum ether, toluene, methanol, ethanol and acetone [5]. The solvents
can also be combined together depending on their polarity to achieve higher yield of
oil, for instance, chloroform and methanol, hexane and ethanol, dichloromethane
and methanol [23, 133]. The properties that influence the selection of a particular
solvent for oil extraction are polarity, volatility, non-miscibility with water, safety,
boiling point, environmental factors, absence of toxic or reactive impurities, ability
to form two phases with for easy separation, capacity to extract a large range of lipid
classes and cost of the solvent [134, 135].

The solvent extraction methods used in the laboratory include Soxhlet, Folch,
and Bligh and Dyer methods. Soxhlet method is preferred due to the following
advantages: it is easy to use, does not require filtration and inexpensive, and it

S/N Property Characteristics Standard References

1. Density Higher than the diesel ASTM
D1298 and
EN ISO 3675

[127]

2. Kinematic
viscosity

High viscosity causes poor fuel flow resulting in
delayed combustion

ASTM D445
and EN ISO

3104

[128]

3. Flash point Measures the flammability hazard of a substance. At
flash point, if the source of ignition is removed, vapor

ceases to burn

ASTM D93
and EN ISO

3697

[127]

4. Cetane
number
(CN)

Measures the ignition quality of fuel in a power diesel
engine. Higher CN causes shorter ignition delay.

Biodiesel has higher CN due to its longer fatty acid
carbon chains

ASTM D613
and EN ISO

5165

[127]

5. Cloud
point (CP)

Higher CP than diesel ASTM
D2500

[129, 130]

6. Pour point
(PP)

Higher PP than diesel ASTM D97 [129, 130]

7. Calorific
value

(HHV)*

Measures the heat content of a fuel. Biodiesel has lower
calorific value than diesel due to its higher oxygen

content

ASTM
D2015

[107, 131,
132]

Table 8.
Standards for measuring properties of biodiesel [98].
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point, pour point, calorific value and cetane point (see Table 7). The standards for
measuring each property are presented in Table 8 [99].

4. Lipid/oil extraction methods

In most cases oils are extracted from the oil-bearing biomass, for example oil
seeds prior to use in biodiesel production. The methods used in oil extraction
include solvent extraction, critical fluid extraction, mechanical extraction, enzy-
matic oil extraction, microwave-assisted extraction (MAE) and ultrasound-assisted
extraction (UAE). They are discussed below:

4.1 Solvent extraction

This extraction method utilizes organic solvents extract lipid/oil from the oil-
bearing biomass. The organic solvents used include: hexane, chloroform, ethyl
ether, petroleum ether, toluene, methanol, ethanol and acetone [5]. The solvents
can also be combined together depending on their polarity to achieve higher yield of
oil, for instance, chloroform and methanol, hexane and ethanol, dichloromethane
and methanol [23, 133]. The properties that influence the selection of a particular
solvent for oil extraction are polarity, volatility, non-miscibility with water, safety,
boiling point, environmental factors, absence of toxic or reactive impurities, ability
to form two phases with for easy separation, capacity to extract a large range of lipid
classes and cost of the solvent [134, 135].

The solvent extraction methods used in the laboratory include Soxhlet, Folch,
and Bligh and Dyer methods. Soxhlet method is preferred due to the following
advantages: it is easy to use, does not require filtration and inexpensive, and it
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ensures higher oil extraction, supports simultaneous and parallel extraction. Despite
these advantages, its demerits include requirement of high volume of solvents,
health and environmental risks, long extraction time, potential to thermally degrade
sample and difficulty to automate due to selectivity issues [136]. The Soxhlet
extraction is influenced by the following factors: temperature, sample preparation,
extraction time, high solvent-to-sample ratio, type and the volume of solvent [137].

Soxhlet extraction is carried out by heating the distillation/boiling flask
containing the organic solvent to its boiling point (see Figure 3). The vapor pro-
duced passes through the tube to the condenser where it is condensed and the liquid
formed trickles down to the thimble containing the sample. The soluble part of the
sample is dissolved by this liquid and the process continues until the liquid marked
is reached. The solubilized sample is aspirated to the distillation/boiling flask and
the process continues until the predetermined number of cycle or extraction time is
attained [138].

Figure 3.
Soxhlet apparatus.
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4.2 Folch method

This method was developed by Folch et al. [139]. The method utilizes a combi-
nation of organic solvents: chloroform and methanol in a ratio of 2:1 (v/v) for lipid/
oil extraction. It is usually used for extracting and quantifying total lipids [140].

4.3 Bligh and dyer method

This method has some similarities with the Folch method in terms of the solvent
system and function. The method uses combined chloroform and methanol in a
ratio of 1:2 (v/v) in converse to the Folch method to extract lipid/oil from samples.
With this ratio, the Bligh and Dyer method is more economical than the Folch
method [140].

4.4 Critical fluid extraction

This involves the use of supercritical or subcritical fluids in oil extraction. These
are discussed below:

4.4.1 Supercritical fluids (SCFs)

These are fluids with critical temperature and pressure above their critical
points. For example, above the critical point of CO2 (31.1°C and 7.38 MPa) and that
of water (374°C and 22.1 MPa), supercritical fluids exist [141, 142]. Supercritical
fluids usually have high density, which increases their solubilization, and low vis-
cosity, which enhances their mass transfer rate [143]. SCFs have the advantages of
low operating cost; high product quality; ability to combine some operation units
into one and to selectively extract certain lipids at different operating conditions of
temperature, pressure, and time. The advantage of this is a reduction in cost and
extraction time [143, 144]. The disadvantage of SCFs is that they required the use of
high-pressure vessels which are usually expensive. A brief discussion on supercrit-
ical CO2 and supercritical water is presented below.

4.4.1.1 Supercritical CO2 extraction

This lipid extraction method uses CO2 as the supercritical fluid probably because
it is cheap, non-toxic, non-explosive and non-flammable and possesses high purity
and low critical temperature [141, 143]. The low critical temperature makes it the
most suitable method for the extraction of thermal labile substances such as lipid/oil
as the original properties of the materials are protected [143]. Supercritical CO2 is
usually used to extract non-polar lipids but due to the introduction of co-solvents
such as methanol, ethanol and water, it could recover polar lipids [143]. For
instance, Hanif et al. increased the yield of phospholipid fatty acids (PLFAs) from
0.5 to 7.28 nmol/mg using methanol (10%, v/v) as a co-solvent [145].

4.4.1.2 Supercritical water extraction

Water is used as a supercritical fluid here. Supercritical water possesses liquid
and gaseous properties including diffusivity, density and heat transfer, which can
be manipulated through temperature and pressure to achieve an efficient extrac-
tion. For instance, a low-density supercritical water can be used to extract non-polar
substances, and due to low dissolution it will not be effective in extracting ionic
substances. At high temperature, it can dissolve organic substances, gases and salts
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Figure 3.
Soxhlet apparatus.
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4.2 Folch method

This method was developed by Folch et al. [139]. The method utilizes a combi-
nation of organic solvents: chloroform and methanol in a ratio of 2:1 (v/v) for lipid/
oil extraction. It is usually used for extracting and quantifying total lipids [140].

4.3 Bligh and dyer method

This method has some similarities with the Folch method in terms of the solvent
system and function. The method uses combined chloroform and methanol in a
ratio of 1:2 (v/v) in converse to the Folch method to extract lipid/oil from samples.
With this ratio, the Bligh and Dyer method is more economical than the Folch
method [140].

4.4 Critical fluid extraction

This involves the use of supercritical or subcritical fluids in oil extraction. These
are discussed below:

4.4.1 Supercritical fluids (SCFs)

These are fluids with critical temperature and pressure above their critical
points. For example, above the critical point of CO2 (31.1°C and 7.38 MPa) and that
of water (374°C and 22.1 MPa), supercritical fluids exist [141, 142]. Supercritical
fluids usually have high density, which increases their solubilization, and low vis-
cosity, which enhances their mass transfer rate [143]. SCFs have the advantages of
low operating cost; high product quality; ability to combine some operation units
into one and to selectively extract certain lipids at different operating conditions of
temperature, pressure, and time. The advantage of this is a reduction in cost and
extraction time [143, 144]. The disadvantage of SCFs is that they required the use of
high-pressure vessels which are usually expensive. A brief discussion on supercrit-
ical CO2 and supercritical water is presented below.

4.4.1.1 Supercritical CO2 extraction

This lipid extraction method uses CO2 as the supercritical fluid probably because
it is cheap, non-toxic, non-explosive and non-flammable and possesses high purity
and low critical temperature [141, 143]. The low critical temperature makes it the
most suitable method for the extraction of thermal labile substances such as lipid/oil
as the original properties of the materials are protected [143]. Supercritical CO2 is
usually used to extract non-polar lipids but due to the introduction of co-solvents
such as methanol, ethanol and water, it could recover polar lipids [143]. For
instance, Hanif et al. increased the yield of phospholipid fatty acids (PLFAs) from
0.5 to 7.28 nmol/mg using methanol (10%, v/v) as a co-solvent [145].

4.4.1.2 Supercritical water extraction

Water is used as a supercritical fluid here. Supercritical water possesses liquid
and gaseous properties including diffusivity, density and heat transfer, which can
be manipulated through temperature and pressure to achieve an efficient extrac-
tion. For instance, a low-density supercritical water can be used to extract non-polar
substances, and due to low dissolution it will not be effective in extracting ionic
substances. At high temperature, it can dissolve organic substances, gases and salts
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due to its decrease in dielectric constant [146]. Supercritical water extraction has
been used by Gungoren et al. for oil recovery and products distribution from
sewage sludge at temperatures between 350 and 450°C and pressures of between
21.5 and 30 MPa [147].

4.4.2 Subcritical water extraction

Subcritical water as shown in Figure 4 is water at temperatures between its
boiling point (Tb), 100°C and its critical point of 374°C with pressure sufficient to
maintain water in the liquid state. Within this temperature range, water behaves
like organic solvents due to decrease in its dielectric constant. At low temperature,
subcritical water can extract both polar and ionic substances while at temperatures
close to the critical temperature, extraction of non-polar substances is possible by
the interaction with these substances and reduction in the binding forces [148–150].
Subcritical water has been demonstrated to be useful in decontaminating soil,
removing polyhydroxyalkanoates (PAH), hydrocarbons and metals and extracting
variety of natural products [151]. It has also been used to increase the lipid yield of
activated sludge [34, 35].

4.5 Enzymatic oil extraction

This method uses the right enzymes in extracting oil from the oil-bearing bio-
mass and it is environmentally friendly as there is no emission of volatile organic
matter [2]. The disadvantages include: relatively high cost of enzyme production,
prolonged incubation periods and requirement of de-emulsification during the
downstream processing (DSP) [151, 152]. Some of these problems such as high cost
of enzyme production can be minimized using enzyme immobilization, which helps
to reduce enzyme losses, although, could reduce reaction rate due to steric hin-
drance. While others like de-emulsification during DSP can be made easier through
the use of affinity chromatography and perfusion chromatography [2].

Figure 4.
Phase diagram.
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4.6 Mechanical oil extraction

Oil is extracted using a manual ram press or an engine-driven screw press. With
the manual ram press extracting up to 60–65% and engine-driven press recovering
68–80% of the oil content of the feedstocks, respectively. Usually, the oil extract
undergoes filtration and degumming as a way of obtaining a more refined oil.
Mechanical extraction is inefficient in extracting oil from seeds, which it was not
designed for, although, this problem can be solved by using pretreatment methods
such as cooking of the seeds and using at least double passes in the screw press. This
could give rise to up to 91% yield of oil [2, 151].

4.7 Microwave-assisted extraction (MAE)

This extraction method uses microwave oven in the extraction process. It has
been utilized in extracting values from plant materials [153]. The method requires
transferring heat through direct contact to the polar solvent and/to the target
substance. This can be controlled through ionic conduction and dipole rotation,
which occurs simultaneously. Comparing MAE with the conventional extraction
method, the latter requires longer time and resources while the former supports
high yield of extraction with lesser volume of solvents and controllable heating
process [154]. MAE also emits smaller amount of CO2 and consumes lesser quantity
of energy compared to the conventional extraction methods. The disadvantages
are that the process is accompanied with the presence of solid residue, which limits
heat and mass transfer, and the extraction using non-polar solvents or extracting
non-polar substances is greatly affected [2, 151].

4.8 Ultrasound-assisted extraction (UAE)

This involves submerging the feedstocks usually of plant origin in a polar solvent
(e.g. water) or non-polar solvent (e.g. ethanol) and subjecting the resulting mixture to
an ultrasonic vibration. The vibration is made up of sound waves at the range of
18 kHz–100MHz. This soundwave in the solvent enhances the biomass (flowers, seeds,
leaves, etc.) solubilization resulting in the release of values such as oils entrappedwithin
them, thereby increasing yield of the valuable materials. UAE has a very fast extraction
rate and high efficiency, but could denature the structure of the extracted substance, for
example, oil due to prolonged exposure to ultrasound. Also, it requires the use of large
volume of solvent and repetition of the process in order to achieve an efficient extrac-
tion. This thus impacts on the operating cost of the entire process [155–157].

5. Biodiesel production

5.1 Methods of biodiesel production

According to Rezania et al., there are four commonly used methods for biodiesel
production [1]. These are explained below:

5.1.1 Pyrolysis

This involves preheating of vegetable oil or animal fat at a temperature of
300–1300°C in the presence of catalyst and absence of oxygen [2]. This may result
in product possessing desirable properties such as low viscosity, high cetane num-
ber, low amount of sulfur and water content, and standard corrosion values [158].
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5.1.2 Microemulsions

These are clear, thermodynamically stable, isotropic liquid mixtures of oil, water,
surfactant, mostly in combination of cosurfactant [159]. This method using ethanol
has been used with soybean as feedstock to produce biodiesel with similar properties
as No. 2 diesel. These properties include cetane number and viscosity [81, 151].

5.1.3 Blending

This is also known as dilution and it is simplest and oldest method used in
biodiesel production. It involves the blending of preheated vegetable oil or animal
fats with the conventional petroleum diesel in a ratio of 10–40% (w/w) [160].

5.1.4 Transesterification/esterification

This involves the reaction between triglyceride from vegetable oil or animal fat
with alcohol usually methanol in the presence of catalyst such as acidic, basic or
enzymatic catalyst [161]. When methanol is used, the reaction is called
methanolysis while it is called ethanolysis if ethanol is used as the alcohol. The
schematic diagram representing the processes involved in biodiesel production via
transesterification is shown in Figure 5. Transesterification of triglyceride to bio-
diesel (alkyl ester) and glycerol as the by-product is illustrated in Figure 6. The
reaction mechanism involves the conversion of triglyceride (TG) to diglyceride

Figure 5.
Flowchart of biodiesel (FAME) production through transesterification [156].

Figure 6.
Production of biodiesel through a transesterification of triglyceride [162]. (Where R!, R!! and R!!! are carbon
chain of fatty acids and R is the alkyl group of the alcohol, which could be methyl or ethyl when methanol or
ethanol is used respectively).
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(DG) followed by monoglyceride (MG) and then to a free glyceride. Each step is
catalyzed by alkoxide, for instance methoxide when methanol is used as the alcohol
[163]. The reaction mechanism is presented in Figure 7.

Similarly, esterification as a method of producing biodiesel involves a reaction
between fatty acid and alcohol in the presence of catalyst (see Figure 8).

Both transesterification and esterification can occur simultaneously in the same
process. This is most suitable for feedstocks with high free fatty acid and water
content. The feedstock is firstly esterified using the acidic catalyst before
transesterification by the alkali catalyst [2]. The performance of these reactions is
measured in terms of yield.

Transesterification is the most commonly used method in biodiesel production
probably due to its simplicity and low cost [165]. It can be carried out in situ using
the oil-bearing biomass or ex situ directly with the oil extracted from the biomass-
bearing oil. Some researchers have demonstrated the application of in situ
transesterification of oil-bearing biomass to biodiesel. For instance, Mondala et al.
investigated the production of biodiesel from municipal primary and secondary
sludge (activated sludge) through in situ transesterification reaction [154]. On the
other hand, numerous works have been conducted using lipid extracted from oil-
bearing biomass (ex situ) to produce biodiesel. For example, Siddiquee and Rohani
worked on the production of biodiesel via the methanolysis of lipids extracted from
the primary and secondary sludge [133].

Figure 8.
Esterification of free fatty acid to methyl ester and water [164]. (Where R is the carbon chain of fatty acid and
R1 is the alkyl group of the alcohol, which could be methyl assuming that methanol is used as the alcohol).

Figure 7.
Reaction mechanism (chain reaction) of the transesterification of triglyceride to biodiesel (fatty acid methyl
acid-FAME) [2].
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(DG) followed by monoglyceride (MG) and then to a free glyceride. Each step is
catalyzed by alkoxide, for instance methoxide when methanol is used as the alcohol
[163]. The reaction mechanism is presented in Figure 7.

Similarly, esterification as a method of producing biodiesel involves a reaction
between fatty acid and alcohol in the presence of catalyst (see Figure 8).

Both transesterification and esterification can occur simultaneously in the same
process. This is most suitable for feedstocks with high free fatty acid and water
content. The feedstock is firstly esterified using the acidic catalyst before
transesterification by the alkali catalyst [2]. The performance of these reactions is
measured in terms of yield.

Transesterification is the most commonly used method in biodiesel production
probably due to its simplicity and low cost [165]. It can be carried out in situ using
the oil-bearing biomass or ex situ directly with the oil extracted from the biomass-
bearing oil. Some researchers have demonstrated the application of in situ
transesterification of oil-bearing biomass to biodiesel. For instance, Mondala et al.
investigated the production of biodiesel from municipal primary and secondary
sludge (activated sludge) through in situ transesterification reaction [154]. On the
other hand, numerous works have been conducted using lipid extracted from oil-
bearing biomass (ex situ) to produce biodiesel. For example, Siddiquee and Rohani
worked on the production of biodiesel via the methanolysis of lipids extracted from
the primary and secondary sludge [133].
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Figure 7.
Reaction mechanism (chain reaction) of the transesterification of triglyceride to biodiesel (fatty acid methyl
acid-FAME) [2].
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5.2 Factors affecting the production of biodiesel

These include catalysts type, reactor type, temperature, agitation speed, solvent
type, alcohol-to-oil ratio, residence time and nature of feedstock (water content,
quantity of free fatty acid and esterifiable substances present in the feedstock)
[133]. The catalyst type and nature of the feedstock are the most influential factors
as they determine the cost of the production of biodiesel [11]. High free fatty acid
and water content can cause low yield of biodiesel production due to soap formation
via saponification reaction [166, 167].

6. Economic aspects

Researchers have posited that biodiesel is currently not competitive with the
conventional petroleum diesel due to higher production cost despite numerous
advantages [168]. This can be influenced by the type of raw materials, selling price
of the by-product, labour and operation cost, catalyst and the reaction type [1]. The
average production cost for biodiesel and diesel fuel is $0.50 and $0.35 per liter,
respectively [169]. The price for producing biodiesel can be estimated using Eq. (1)

Production price for biodiesel ¼ Operating costs $=yrð Þ � Byproduct credit $=yrð Þ
Product yr kg=yrð Þ (1)

The cost of biodiesel production can be reduced by increasing yield using
improved technologies, reducing capital investment cost and reducing the raw
materials cost [168, 170–173].

6.1 Factors that influence the cost of biodiesel production

6.1.1 Alternative raw materials

This involves the use of cheaper feedstocks including wastes from oils, fats and
non-edible crops in order to reduce the unit cost of producing biodiesel [28, 174].
The major drawbacks to using these feedstocks are high free fatty acid (FFA) and
water content with the capacity to reduce the yield and quality of the biodiesel
[9, 12, 22, 175]. The effect of this can be reduced by using multiple chemical
processes with the tendency to increase the overall production cost [176]. For
instance, using alkali to catalyze the transesterification reaction may require feed-
stock pretreatment, product separation and purification, thereby rendering the
entire process uneconomical due to additional cost incurred [177]. However, acid
catalysts are most suitable for the conversion of WCO with high FFA and water
content to biodiesel. But, the disadvantages of this are that the reaction is very slow,
requires more alcohol and large volume of reactor, and the acid used may corrode
equipment, causing them to break down [178]. The use of acid catalyst may also
increase the production cost. Some of these problems may be solved using super-
critical fluid. The process does not need catalyst, it is faster and may require large
volume of alcohol, high temperature and pressure giving rise to a considerable cost
implication [179, 180].

The use of cheap and low-cost feedstock may affect the quality of the biodiesel,
although, this can be improved. For example, poor cold properties can be improved
using additives, although not without some cost implications. Despite the potential
of cheap and low-cost feedstock to reduce the production cost of biodiesel, due to
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high level of impurity, it may require pretreatment prior to use, product purifica-
tion due to poor quality and, thus, have some cost implications.

6.1.2 Effects of technologies

Technologies used in biodiesel production to a large extent impact the cost of
production. Some of these technologies require more unit operations than the other,
which influences energy utilization and number of equipment [181]. For instance, the
use of catalytic distillation (CD) process is more economical than conventional reactor
as capital and production costs are reduced. This is possible due to reduction in the
number of equipment, for example plug flow reactor and flash separation units,
which are essential when using the conventional reactors are not needed [182].

Alkali catalyst technologies are preferred for producing biodiesel, especially
heterogeneous catalyst technology using neat vegetable oil. The reason being that it
requires less unit operation and number of equipment. It is also faster and cheaper
and can easily be recovered. An example of such catalysts is calcium oxide
[181, 183–185]. For use with high free fatty acid and water content feedstocks, alkali
catalyst will cause such problems such as soap formation, which reduces the yield of
biodiesel (Figure 9). The soap can gel at room temperature causing the production
of semisolid mass instead of biodiesel and can cause difficulty in purifying glycerol
[186]. Thus, when considering waste oils such as waste cooking oil with high free
fatty acid and water content, acid catalyst technologies are the best option with the
aim of reducing the overall production cost. The cost can be reduced because acid
catalysts are less corrosive, easy to separate, can be reused and do not require
additional washing steps. This will help to produce high-quality products in terms
of biodiesel and glycerols [187, 188].

Alternatively, enzyme and supercritical technologies can be used to process
feedstock with high free fatty acid and water content to biodiesel, although they are
more expensive than acid-catalysed technologies [173, 189]. Enzyme-catalysed
transesterification is a slow process and takes longer time, and the soluble enzymes
are not reusable except if immobilized enzyme is used. These disadvantages impact
negatively on the cost of production [190]. On the other hand, supercritical
technologies do not require the use of catalyst and encourage the production of
by-product glycerol with high purity [192].

Generally, technologies like feedstock and catalyst influence the overall cost of
biodiesel production (Table 9).

Figure 9.
Soap formation during the transesterification of triglyceride to produce biodiesel.
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6.1.3 Effect of alternative catalysts

The effect of alternative catalysts in the production of biodiesel can been seen in
the reduction of production cost as supported by some of their characteristics such
as being inexpensive, reusability and high catalytic potential. Examples of such
catalysts are obtained from shells from egg, coconut, mussel, scallop and crustacean
[183, 190, 194–196].

Generally, catalysts used in catalysing the transesterification reaction leading to
the production of biodiesel may be either homogeneous or heterogeneous. The
choice of which to use is dependent on the free fatty acid and water content
composition of the feedstock. Usually, heterogeneous catalysts unlike homogeneous
catalysts are used to catalyse reactions involving feedstock with high free fatty acid
and water content as they can be reused, require less products separation and
purification steps, and possess the capacity to enable the production of pure

Production technology type Capacity Feedstock Production
cost $/ton
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KOH-catalyzed transesterification
with methanol

8000 ton/yr Waste
cooking oil

868,60 [173]

H2SO4-catalyzed transesterification
with methanol
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Alkali catalyst process Batch process with a
production capacity of
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operating at 30°C

Microalgae
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using self-produced feedstock from
recycled glycerol
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Homogeneous KOH catalyst and hot
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production capacity of
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921 [193]

Homogeneous KOH catalyst and
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Table 9.
Dependence of biodiesel production cost on technologies [168].
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by-products such as glycerol. Although, these advantages have some cost implica-
tions, heterogenous catalysts remain the best choice for biodiesel production unit
cost reduction [168, 187, 197].

6.2 Profitability of biodiesel production

This is a measure of the amount of profit that can be obtained from an invest-
ment in biodiesel production. The profit is usually calculated from the difference
between the income obtained from the sales of the products and the expenses
incurred. Profitability of biodiesel can be determined using such economic param-
eters as net present value, break-even price of biodiesel, after-tax internal rate of
return, gross margin [168].

6.2.1 Factors affecting the profitability of biodiesel production

6.2.1.1 Market variables

These include income variables such as biodiesel and glycerol and outcome vari-
ables, which are feedstock, catalyst, alcohol and washing water. Studies have shown
that the major market variable that influences the profitability of biodiesel produc-
tion is the cost of feedstock due to large quantity required, and others are selling
price of biodiesel and glycerol, while outcome variables such as catalyst and wash-
ing water have less effect because less quantities are required [162, 198, 199].

6.2.1.2 Production scale

This is another factor affecting the profitability of biodiesel production. The
higher the production scale, the lower the unit production cost of biodiesel, see
Figure 10. This can be seen from the work of Van Kasteren et al. who compared
three biodiesel production processes via supercritical method [201]. The results
obtained show increase in profitability of biodiesel at high production scale com-
pared to low production scale. The result was corroborated by the study conducted

Figure 10.
Effect of plant capacity/production scale on unit production cost [200].
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by You et al. on the effect of production scales 8000, 30,000 and 100,000 annually
on the feasibility of biodiesel production from food grade soybean oil using NaOH-
catalyzed transesterification [202]. This conclusion was reached as production scale
of 100,000 gave higher net annual profit after taxes (NNP) and after-tax of return
(ARR), and lower biodiesel break-even price (BBP) compared to other production
scales.

7. Conclusions

Commercial quantity of biodiesel is currently being produced from edible vege-
table oils with the global production capacity envisaged to reach 12 billion gallons by
2020 and countries such as Brazil, United States of America, Malaysia, Argentina,
Netherlands, Spain, Philippines, Belgium, Indonesia and Germany meeting more
than 80% of the world demand. The problem with this type of biodiesel includes
poor storage, oxidation stability, high feedstock cost, low heating value and higher
NOx emission. The implication of these is that biodiesel is not competitive with the
conventional petroleum diesel.

Researchers have suggested the utilization of non-edible oils as a way of mini-
mizing cost since feedstocks consume up to 80% in biodiesel production. But, the
problem with this is the presence of high free fatty acid (FFA) and water content,
which reduces the yield and quality of the biodiesel. This can be reduced through
the use of multiple chemical processes, although there is a tendency to increase the
overall production cost.

Generally, the cost of biodiesel production is influenced by factors such as raw
materials, technologies and catalyst. The raw material and catalyst cost can be
reduced using alternatives to these factors while improved technologies could help
to minimize the production cost.

The profitability of biodiesel can be determined using economic parameters such
as net present value, break-even price of biodiesel, after tax internal rate of returns,
and gross margin. These parameters are influenced by market variables and pro-
duction scale.

Nomenclature

IPCC Intergovernmental Panel on Climate Change
ASTM American Society of Testing Materials
WCO waste cooking oil
CN cetane number
CP cloud point
PP pour point
HHV high heating value
MAE microwave-assisted extraction
UAE ultrasound-assisted extraction
SCF supercritical fluid
PLFA phospholipid fatty acids
PAH polyhydroxyalkanoate
Tb boiling point
Tc critical temperature
Pc critical pressure
DSP downstream processing
FAME fatty acid methyl ester
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TG triglyceride
DG diglyceride
MG monoglyceride
FFA free fatty acid
CD catalytic distillation
NNP net annual profit after taxes
ARR after-tax of return
BBP biodiesel break-even price
LCB lignocellulosic biomass
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